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The propagation of acoustic waves through water-saturated granular
sediments has been widely studied, yet existing propagation models can not
adequately predict the speed and attenuation of sound across the range of
frequencies of interest in underwater acoustics, especially in loosely packed
sediments that have been recently disturbed by storms or wave action. Ad-
vances in modeling are currently dependent on experimental validation of var-
ious components of existing models. To begin to address these deficiencies,
vii
three well-controlled laboratory experiments were performed in gravity-settled
glass beads and reconstituted sand sediments. Sound speed and attenuation
measurements in the 0.5 kHz to 10 kHz range are scarce in the literature,
so a resonator method was used to investigate a reconstituted sand sediment
in this range. The literature contains laboratory and in situ measurements of
sound speed and attenuation at higher frequencies, but existing models can not
predict both the speed of sound and attenuation simultaneously in some sed-
iments. A time-of-flight technique was used to determine the speed of sound
and attenuation in monodisperse water-saturated glass beads, binary glass
bead mixtures, and reconstituted sediment samples in the frequency range
200 kHz to 900 kHz to investigate the effect of sediment inhomogeneity. The
effect of porosity, independent of changes in other sediment physical properties,
has not been demonstrated in the experimental literature. Therefore, a flu-
idized bed technique was used to independently vary the porosity of monodis-
perse glass bead samples from 0.37 to 0.43 and a Fourier phase technique was
used to determine the speed and attenuation of sound. Collecting these re-
sults together, measured sound speeds showed positive dispersion below 50 kHz
while negative dispersion was observed above 200 kHz for some samples. At-
tenuation measurements showed an approximately f 0.5 dependence in the low
frequency regime and an approximately f 3.5 dependence for large-grained sam-
ples in the high frequency regime. The laboratory experiments presented in
this work demonstrate that both sound speed and attenuation in idealized
loosely packed water-saturated sediments can not be simultaneously predicted
by existing models within the uncertainties of the model input parameters,
but the independent effect of porosity on sound speed can be predicted.
viii
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samples. Model attenuation curves use the speed of sound in
water at the experimental temperature multiplied by the grain
size for the P0120 beads for both the ordinate and the abscissa. 109
5.1 A schematic of the time-of-flight measurement apparatus with
(a) and without (b) the superstructure used to support the
transducers. Machine drawings of the mounting hardware and
translation stage are included in Appendix G. Note that only
one transmitter is visible; the other is not shown. . . . . . . . 144
5.2 A photograph of the time-of-flight test apparatus. . . . . . . . 146
5.3 (a) A photograph of the transmitter bracket. A schematic of
the bracket can be found in Appendix G. (b) A photograph of
the translation mechanism. The brass screw is collinear with
the steel rail and is not visible in the photograph. . . . . . . . 147
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5.4 A schematic diagram of the time-of-flight measurement appa-
ratus. The acoustic signal is produced by the function genera-
tor and passed through the power amplifier before exciting the
transmitter (Tx). The signal is received at the hydrophone (Rx)
and passes through the charge amplifier and bandpass filter be-
fore arriving at the DAQ for recording and the oscilloscope for
viewing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
5.5 The effect of passing a typical 800 kHz signal through the Krohn-
Hite Filter is shown. The blue curves represent the unfiltered
signal in the time and frequency domains whereas the red curve
represents the filtered signal. The filtering process removes low
frequency content and increases the signal peak by 6 dB to
10 dB relative to the other frequency content in the signal. . . 149
5.6 A flowchart of steps used in capturing (a) and processing (b)
data in the calibration measurements. . . . . . . . . . . . . . . 150
5.7 Typical 900 kHz pulses from a pair of transmitters in a calibra-
tion test. (a) shows the time domain signal and (b) shows the
frequency domain signal. Note the onset and offset transients
at 220 µs and 320 µs, respectively. . . . . . . . . . . . . . . . . 151
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5.8 A schematic of the position of the transducers within the time-
of-flight apparatus. (a) shows the receiver equidistant from and
on the acoustic axis of both transmitters. (b) shows the receiver
on the acoustic axis of both transmitters but located closer to
one transmitter than the other. . . . . . . . . . . . . . . . . . 152
5.9 A flowchart of steps used in capturing (a) and processing (b)
data in the water measurements. . . . . . . . . . . . . . . . . 153
5.10 Typical filtered time and frequency domain 900 kHz signals re-
ceived from both transducer paths through water. The am-
plitudes in (a) are normalized by the maximum value of the
highest-amplitude signal. (b) shows the frequency spectrum of
both signals in decibels re 1 V. The red signal amplitude at
the 900 kHz transmit frequency is approximately 23 dB higher
than the blue signal amplitude. Both signals have significant
frequency content contributions in the 500 kHz to 800 kHz band
due to the resonance characteristics of the transducers. . . . . 154
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5.11 Results of the windowing process described in Section 5.3 on
the waveforms in Figure 5.10 are shown. In (a), the portion of
the time waveform denoted by the dark color has a flat envelope
for both received signals whereas the full signal has onset and
offset transients visible in the dimmed traces. In (b), the fre-
quency spectra of the retained portion of the signals are shown
in the dark colors and the frequency spectra of the unwindowed
signals are shown in the dimmed colors. The windowing process
produces a broader peak at the transmit frequency but reduces
the frequency content due to the transducer resonance by more
than 20 dB at 600 kHz for both signals. . . . . . . . . . . . . . 155
5.12 Typical envelopes for the frequency-dependent arrival of the
acoustic pulses normalized by the max of the envelope at any
oneft. The blue curve represents the onset envelope for a 200 kHz
signal, the red curve a 500 kHz signal, and the black curve an
800 kHz signal. An error in the speed of sound measurement
of approximately 4% would occur if the arrival time alone was
used. Therefore, the correlation technique described in Sec-
tion 5.2.3 was used to find the arrival time of the pulses. . . . 156
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5.13 Typical 200 kHz time domain pulses are shown in (a). The
black curve is the system response (without the transducers
and without acoustic transmission) and the red and blue curves
are the received signals through water with a receiver spacing
of 10 cm. (b) shows the envelope of the convolution of the red
and blue time domain signals with the system response. . . . 157
5.14 A typical system response with no transducers present in the
electrical circuit is shown in (a). (b) depicts the autocorrelation
of the system response signal with the system delay times tsys,1
and tsys,1 described in Section 5.4. . . . . . . . . . . . . . . . . 158
5.15 A flowchart of steps used in capturing (a) and processing (b)
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5.16 The pressure on the axis of a piston with a radius equivalent to
the transmit transducers (a = 9.5 mm) is shown. (a) shows the
result of Equation 5.11 for 200, 500, and 800 kHz as a function
of distance from the transducer face. (b) shows the difference
in amplitude of Equation 5.11 as a function of frequency for
propagation distances of 11 and 22 cm in blue and spherical
1/r spreading in red. . . . . . . . . . . . . . . . . . . . . . . . 160
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5.17 The relative magnitude of the spreading loss, transducer calibra-
tion, and raw and intrinsic attenuation coefficient are show. The
red squares show the relative calibration of the two transmitter-
receiver pairs described in Section 5.3. The black exes are the
losses due to the spreading and nearfield effects of the transmit-
ters calculated using Equation 5.11 for the distance calculated
at each frequency. The blue circles are the raw attenuation
values calculated using Equation 5.2 for one realization of the
PAV sample. The cyan crosses represent the raw attenuation
corrected for both the spreading loss and the relative transducer
calibration using Equation 5.13. . . . . . . . . . . . . . . . . . 161
5.18 The correlation coefficients of the PC sample for each realization
with respect to each other realization are shown in (a) for speed
of sound and (b) for attenuation. The mean correlation for each
realization for sound speed is shown in (c) and attenuation in
(d). The attenuation correlation for realization 1 in (d) falls
below the threshold of 0.52, therefore realization 1 was not used
in further processing. . . . . . . . . . . . . . . . . . . . . . . . 162
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alizations of the PC sample are shown. Gray points represent
the realization discarded after statistical processing and black
points represent the realizations retained. Note the difference
in the behavior of the gray and black points. . . . . . . . . . . 163
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5.20 Mean speed of sound and attenuation for Potters AE Beads
(PAE). A total of nine realizations were interrogated, six are
used in the mean value calculations. Black boxes denote the
standard deviation and gray boxes denote the 95% confidence
interval for sound speed and attenuation at each frequency.
Solid lines denote the BICSQS model and dashed lines denote
the Biot-Stoll model. Blue lines denote material properties from
Table F.3 and green lines denote material properties from Ta-
ble F.6. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
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A total of nine realizations were interrogated, eight are used in
the mean value calculations. Black boxes denote the standard
deviation and gray boxes denote the 95% confidence interval for
sound speed and attenuation at each frequency. Solid lines de-
note the BICSQS model and dashed lines denote the Biot-Stoll
model. Blue lines denote material properties from Table F.3
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5.22 Mean speed of sound and attenuation for the 90% PAE/10%
PC bead mixture (P91). A total of twelve realizations were
interrogated, eleven are used in the mean value calculations.
Black boxes denote the standard deviation and gray boxes de-
note the 95% confidence interval for sound speed and attenua-
tion at each frequency. Solid lines denote the BICSQS model
and dashed lines denote the Biot-Stoll model. Blue lines de-
note material properties from Table F.4 and green lines denote
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5.24 Mean speed of sound and attenuation for the 70% PAE/30%
PC bead mixture (P73). A total of twelve realizations were in-
terrogated, eleven are used in the mean value calculation. Black
boxes denote the standard deviation and gray boxes denote the
95% confidence interval for sound speed and attenuation at each
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lines denote the Biot-Stoll model. Blue lines denote material
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5.26 Mean speed of sound and attenuation for the 50% PAE/50%
PC bead mixture (P55). A total of thirteen realizations were
interrogated, eleven are used in the mean value calculations.
Black boxes denote the standard deviation and gray boxes de-
note the 95% confidence interval for sound speed and attenua-
tion at each frequency. Solid lines denote the BICSQS model
and dashed lines denote the Biot-Stoll model. Blue lines de-
note material properties from Table F.4 and green lines denote
material properties from Table F.7. . . . . . . . . . . . . . . . 170
5.27 Mean speed of sound and attenuation for the PAV sand sample.
A total of nine realizations were interrogated, nine are used in
the mean value calculations. Black boxes denote the standard
deviation and gray boxes denote the 95% confidence interval for
sound speed and attenuation at each frequency. Solid lines de-
note the BICSQS model and dashed lines denote the Biot-Stoll
model. Blue lines denote material properties from Table F.2
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5.28 Mean speed of sound and attenuation for the PAD sand sample.
A total of nine realizations were interrogated, nine are used in
the mean value calculations. Black boxes denote the standard
deviation and gray boxes denote the 95% confidence interval for
sound speed and attenuation at each frequency. Solid lines de-
note the BICSQS model and dashed lines denote the Biot-Stoll
model. Blue lines denote material properties from Table F.2
and green lines denote material properties from Table F.5. . . 172
5.29 Mean speed of sound and attenuation for the 96% PAD/4%
crushed shell sample. A total of nine realizations were interro-
gated, five are used in the mean value calculations. Black boxes
denote the standard deviation and gray boxes denote the 95%
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quency. Solid lines denote the BICSQS model and dashed lines
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5.30 An example of the sound speed anomaly and regression analysis
is shown. (a) depicts the speed of sound for the PC sample.
Blue circles indicate the values used in the calculation of the
sound speed anomaly and red circles indicate the mean of the
corresponding blue values. The subtraction of the sound speeds
represented by the red circles is the sound speed anomaly. (b)
shows the attenuation data for the PC sample. Blue circles are
the attenuation values used in each regression and the red lines
correspond to the regression lines through the blue points. The
slope of the red lines are the low and high frequency dependence
of the attenuation coefficient. . . . . . . . . . . . . . . . . . . 174
5.31 The sound speed anomaly is plotted for each sample. Error bars
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ple. Error bars represent the standard deviation of the residuals
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5.33 The correlation coefficient between the sound speed of each sam-
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6.1 Aggregate plot of all speed of sound and attenuation measure-
ments discussed in Chapters 3, 4, and 5. The nondimensional
kd is the wavenumber in water times the mean grain diameter
for each sample. The sediment sound speed is normalized by
the speed of sound in water at the average temperature of the
measurements to which they are related. The attenuation is
normalized by the mean grain diameter of each sample. Blue
curves denote models plotted for material properties from the
sound speed column of Table 6.1 and are best-fit lines for the
sound speed through the low and high frequency sand samples.
Green curves denote models plotted for material properties from
the attenuation column of Table 6.1 and are best-fit lines for the
attenuation of the low and high frequency sand samples. These
lines are provided for comparison because neither the Biot-Stoll
model nor the BICSQS model could simultaneously predict the
speed of sound and attenuation. . . . . . . . . . . . . . . . . . 195
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6.2 Aggregate plot of the speed of sound and attenuation measure-
ments for the sand samples. The nondimensional kd¯ is the
wavenumber in water times the mean grain diameter for each
sample. The sediment sound speed is normalized by the speed
of sound in water at the average temperature of the measure-
ments to which they are related. The attenuation is normal-
ized by the mead grain diameter of each sample. Blue curves
denote models plotted for material properties from the sound
speed column of Table 6.1 and are best-fit lines for the sound
speed through the low and high frequency sand samples. Green
curves denote models plotted for material properties from the
attenuation column of Table 6.1 and are best-fit lines for the
attenuation of the low and high frequency sand samples. These
lines are provided for comparison because neither the Biot-Stoll
model nor the BICSQS model could simultaneously predict the
speed of sound and attenuation. . . . . . . . . . . . . . . . . . 196
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6.3 A plot of all speed of sound measurements from this work repre-
sented by the filled dots are compared to the measurements re-
ported in Reference 91 represented by the unfilled markers. The
Biot-Stoll model curves provided from Reference 91 are plotted
for the range of material parameters from the SAX99 (upper
solid line) and SAX04 (lower dashed line) experiments. The low
frequency resonator measurements from Chapter 3 have a faster
speed of sound than the literature in situ test and the time-of-
flight measurements from Chapter 3 agree well with the model
predictions for the SAX99 experiment. Sands with similar prop-
erties to the SAX99 sediment measured using the time-of-flight
technique from Chapter 5 show agreement in sound speed at
200 kHz and exhibit negative dispersion at higher frequencies. 197
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6.4 A plot of all attenuation measurements from this work repre-
sented by the filled dots are compared to the measurements re-
ported in Reference 91 represented by the unfilled markers. The
Biot-Stoll model curves provided from Reference 91 are plotted
for the range of material parameters from the SAX99 (upper
solid line) and SAX04 (lower dashed line) experiments. The at-
tenuation measurements from the low-frequency resonator ap-
paratus in Chapter 3 are in general agreement with the model
predictions. Measurements on sands similar to those in the
SAX99 experiments using the time-of-flight apparatus from Chap-
ter 5 shown in red agree with the Biot-Stoll model plotted
for the material properties from the SAX04 experiment around
200 kHz. As frequency is increased, the attenuation accelerates
in growth and is no longer predicted by the model. . . . . . . 198
6.5 A plot of sound speed measurements from Chapter 4 on the
P0120 (blue circles) and P0230 (red circles) beads at a porosity
of 0.38 are compared to measurements reported in Reference 81
represented by the solid lines. The overall sound speed from
this study is lower than the literature data, but the expected
trend in dispersion in consistent between the two datasets. . . 199
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6.6 A plot of attenuation measurements from Chapter 4 on the
P0120 (blue circles) and P0230 (red circles) beads at a porosity
of 0.38 are compared to measurements reported in Reference 81
represented by the solid lines. The attenuation below 700 kHz
agrees well between this work and the literature. Above 700 kHz
the P0120 sample exhibits unexpected behavior but the P0230
sample demonstrates an increasing frequency dependence. . . . 200
6.7 Comparison of sound speed measurements from Chapter 4 on
P0120 (blue circles) and P0230 (green circles) beads at a poros-
ity of 0.38 are shown compared to model predictions (black
lines) and data (red dots) from Reference 45. In (a) and (c)
the sound speed anomaly for glass and Plexiglas beads is shown
with the original kd axis. Due to an inconsistency in the ref-
erence, (b) shows the kd axis for the reported values of k and
d for the glass spheres as they appear in the text. The sound
speed anomaly trend matches well for the original figure scaling,
but the rescaled axis demonstrates a large departure from the
values measured in this study. . . . . . . . . . . . . . . . . . 201
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6.8 Comparison of attenuation measurements from Chapter 4 on
P0120 (blue circles) and P0230 (green circles) beads at a poros-
ity of 0.38 are shown compared to model predictions (black
lines) and data (red dots) from Reference 45. In (a) and (c)
the attenuation for glass and Plexiglas beads is shown with the
original kd axis. Due to an inconsistency in the reference, (b)
shows the kd axis for the reported values of k and d for the
glass spheres as they appear in the text. The attenuation trend
matches the reported data well for the original figure scaling,
but the rescaled axis demonstrates a large departure from the
values measured in this study. . . . . . . . . . . . . . . . . . . 202
A.1 A schematic of the model to correct for a resonator containing
two material layers. In the present experiment, ρ1 and c1 corre-
spond to the water layer and ρ2 and c2 correspond to the sed-
iment layer. The lengths l1 and l2 correspond to the thickness
of the water layer and length of the system respectively. The
transmitter (piston) is denoted T and the receiver (hydrophone)
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A.2 An graphical example of the correction procedure for the two-
medium tube model. The dashed red lines correspond to the
resonance frequencies from Figure 3.3 and the black lines repre-
sent a zoomed view of ZTM . The section of the curves outlined
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F.1 Sample analysis for the Quikrete sand is shown. Plot (a) shows
the grain size distribution and mean grain size as described
in Section F.1.3. The bar chart shows the percentage of grains
retained in the sieve corresponding to each bin. The black curve
is the cumulative percentage retained in the sieves with respect
to grain size φ. (b) and (c) are micrographs of the sample at
different levels of magnification. . . . . . . . . . . . . . . . . . 262
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F.2 Sample analysis for the Pavestone sand is shown. Plot (a) shows
the grain size distribution and mean grain size as described in
Section F.1.3. The bar chart shows the percentage of grains
retained in the sieve corresponding to each bin. The black curve
is the cumulative percentage retained in the sieves with respect
to grain size φ. (b) and (c) are micrographs of the sample at
different levels of magnification. . . . . . . . . . . . . . . . . . 263
F.3 The collection location for the Port Aransas sand sample in Port
Aransas, Texas is shown. . . . . . . . . . . . . . . . . . . . . . 264
F.4 Sample analysis for the Port Aransas sand is shown. Plot (a)
shows the grain size distribution and mean grain size as de-
scribed in Section F.1.3. The bar chart shows the percentage
of grains retained in the sieve corresponding to each bin. The
black curve is the cumulative percentage retained in the sieves
with respect to grain size φ. (b) and (c) are micrographs of the
sample at different levels of magnification. . . . . . . . . . . . 265
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F.5 Sample analysis for the shells crushed to form the shell hash
in Figure F.6 is shown. Plot (a) shows the grain size distribu-
tion and mean grain size as described in Section F.1.3. The
bar chart shows the percentage of grains retained in the sieve
corresponding to each bin. The black curve is the cumulative
percentage retained in the sieves with respect to grain size φ.
(b) and (c) are micrographs of the sample at different levels of
magnification. . . . . . . . . . . . . . . . . . . . . . . . . . . . 266
F.6 Sample analysis for the crushed shell added to the Port Aransas
Sand is shown. Plot (a) shows the grain size distribution and
mean grain size as described in Section F.1.3. The bar chart
shows the percentage of grains retained in the sieve correspond-
ing to each bin. The black curve is the cumulative percentage
retained in the sieves with respect to grain size φ. (b) and (c)
are micrographs of the sample at different levels of magnification.267
F.7 Sample analysis for the 96% Port Aransas sand/4% crushed
shell mixture is shown. Plot (a) shows the grain size distribu-
tion and mean grain size as described in Section F.1.3. The
bar chart shows the percentage of grains retained in the sieve
corresponding to each bin. The black curve is the cumulative
percentage retained in the sieves with respect to grain size φ.
(b) and (c) are micrographs of the sample at different levels of
magnification. . . . . . . . . . . . . . . . . . . . . . . . . . . . 268
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F.8 Sample analysis for the Potters AE blasting media is shown.
Plot (a) shows the grain size distribution and mean grain size as
described in Section F.1.3. The bar chart shows the percentage
of grains retained in the sieve corresponding to each bin. The
black curve is the cumulative percentage retained in the sieves
with respect to grain size φ. (b) and (c) are micrographs of the
sample at different levels of magnification. . . . . . . . . . . . 269
F.9 Sample analysis for the Potters C blasting media is shown. Plot
(a) shows the grain size distribution and mean grain size as
described in Section F.1.3. The bar chart shows the percentage
of grains retained in the sieve corresponding to each bin. The
black curve is the cumulative percentage retained in the sieves
with respect to grain size φ. (b) and (c) are micrographs of the
sample at different levels of magnification. . . . . . . . . . . . 270
F.10 Sample analysis for the 90% Potters AE/10% Potters C mix-
ture is shown. Plot (a) shows the grain size distribution and
mean grain size as described in Section F.1.3. The bar chart
shows the percentage of grains retained in the sieve correspond-
ing to each bin. The black curve is the cumulative percentage
retained in the sieves with respect to grain size φ. (b) and (c)
are micrographs of the sample at different levels of magnification.271
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F.11 Sample analysis for the 80% Potters AE/20% Potters C mix-
ture is shown. Plot (a) shows the grain size distribution and
mean grain size as described in Section F.1.3. The bar chart
shows the percentage of grains retained in the sieve correspond-
ing to each bin. The black curve is the cumulative percentage
retained in the sieves with respect to grain size φ. (b) and (c)
are micrographs of the sample at different levels of magnification.272
F.12 Sample analysis for the 70% Potters AE/30% Potters C mix-
ture is shown. Plot (a) shows the grain size distribution and
mean grain size as described in Section F.1.3. The bar chart
shows the percentage of grains retained in the sieve correspond-
ing to each bin. The black curve is the cumulative percentage
retained in the sieves with respect to grain size φ. (b) and (c)
are micrographs of the sample at different levels of magnification.273
F.13 Sample analysis for the 60% Potters AE/40% Potters C mix-
ture is shown. Plot (a) shows the grain size distribution and
mean grain size as described in Section F.1.3. The bar chart
shows the percentage of grains retained in the sieve correspond-
ing to each bin. The black curve is the cumulative percentage
retained in the sieves with respect to grain size φ. (b) and (c)
are micrographs of the sample at different levels of magnification.274
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F.14 Sample analysis for the 50% Potters AE/50% Potters C mix-
ture is shown. Plot (a) shows the grain size distribution and
mean grain size as described in Section F.1.3. The bar chart
shows the percentage of grains retained in the sieve correspond-
ing to each bin. The black curve is the cumulative percentage
retained in the sieves with respect to grain size φ. (b) and (c)
are micrographs of the sample at different levels of magnification.275
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Chapter 1
Introduction
To properly situate this work in a broader context, a brief history of human
interest in ocean sands is presented. Then, a more focused discussion on how
acoustics have been used to study water-saturated ocean-bottom sediments is
presented. Finally, an outline of this document and the scientific contributions
it contains is presented.
1.1 A Historical Perspective on Sediment
Mankind has desired to understand and predict the behavior of water-saturated
sediment for millennia. From the time of the ancient Egyptian civilizations,
the understanding that the silty sediment deposited by the Nile River during
the yearly floods was extremely fertile for farming and a lack of deposited
sediment was cause for famine. [1] In the 17th century, there was interest in
the different types of sea sands and what their different benefits may be, again
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particularly for agriculture. [2]
As technology progressed into the 19th century, there was much in-
terest in connecting Europe and North America with telegraph cables which
would vastly improve communication between the continents by drastically
decreasing the time to send messages. To lay this type of cable, however, the
properties of the ocean floor needed to be known to prevent cables from being
cut or sinking into a great marsh of silt.
Therefore, grand scientific voyages were conducted by Great Britain
to gain insight into the variation of the sediment properties throughout the
ocean. [3,4] Most notable of these is the expedition of the HMS Challenger
in 1873–76. This voyage, led by Captain George Nares and marine zoologist
Charles Wyville Thomson, traveled 68,890 nautical miles and performed deep
sea soundings, water temperature measurements, bottom dredges, and trawls
to acquire as much information as possible with regard to the sea, sea life, and
sea floor.
In the United States during this period, there was an interest in the
sea and sea floor for the purpose of understanding the extent of the available
fisheries. Therefore, the first ship designed and built explicitly for the purpose
of studying the sea, the USS Albatross, was commissioned by the United States
Fish Commission in 1881. Findings from a research cruise in 1899 discussed
the variation sand types and mineral deposits on the sea floor, specifically
large manganese nodules collected using dredges. [5]
Around the turn of the 20th century there was increasing interest in
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mineral deposits on the ocean floor such as those noted by the Albatross expe-
dition. New equipment was designed and improved to tap into this previously
unutilized resource. [6] Submarine mining became more widespread as coal,
the lifeblood of the economy at the time, was found and excavated from such
environments during this period. [7]
Petrochemicals emerged as a challenger to coal in the energy market in
the early 20th century, gaining in popularity due to the rise of the internal
combustion engine. The earliest offshore oil wells, located in the Summerland
Oil Field near Santa Barbara, California, operated from 1896–1939. [8] The
sites of the wells in the oil field were selected based on the geology of the ocean
floor; oil and tar seeps were observed and the oil wells, which were drilled only
150 feet to 600 feet deep, were located on piers in the shallow water.
In these same decades, the advent of the electroacoustic transducer
and the harnessing of piezoelectricity ushered in a new era of sea floor ex-
ploration. [9–11] Using these devices, methods to study the ocean bottom in
detail were developed and broad interest in the field of marine geology was
piqued. [12,13]
World War II encouraged the development of SOund Navigation And
Ranging (SONAR) systems, based on the earlier piezoelectric discoveries, to
aid in detection of ships and subsea explosive mines. [14] Research was per-
formed to develop new types of piezoelectric crystals and find new types of
rubber with acoustic impedance closer to water to enable fabrication of more
efficient devices. [15] Development of improved SONAR systems which could
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determine the presence of an object on the sea floor and classify the object as
a mine was a high priority and a topic of active discussion. [16]
After the conclusion of the war, new nuclear attack submarines were
developed. The USS Thresher (SSN-593) was the first of the Thresher-class
submarines and was launched July 9, 1960. When undergoing deep dive trials
on April 10, 1963, the ship experienced a systems failure and likely imploded
at depth. The fate of the Thresher was unknown until an extensive underwater
search in 1964 involving multiple types of SONAR arrays mounted on the ships
RV Trieste II (DSV-1), USNS Mizar (T-AGOR-11), and USS Hoist (ARS-
40) were able to locate the wreck. [17,18] Some of the sonar modalities were
unable to detect the wreck buried 75–95% in the sand/clay bottom, though
with improved knowledge of the sediment properties some of the technical
issues could have been avoided.
The SONAR technologies and methods developed by the military have
been applied to new and existing fields. For example, subsea petrochemical
and mineral exploration became much more sophisticated since the profile of
the ocean floor could be determined from geoacoustic surveys. [19,20] The
increase in the scope and detail of these surveys has not just increased the
known exploitable mineral wealth, but it has also vastly improved knowledge
of the geology and geography of the sea floor.
Interest in the sea floor for its economic wealth and strategic importance
continues to the modern day. Understanding of the physical properties of the
ocean bottom are of continual interest to aid in the improvement of methods
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and technologies used to study the broader ocean landscape. To this end,
scientists and engineers continue to develop models and experiments to test
the behavior of the sea floor.
1.2 Acoustic Science and Sediment
1.2.1 Models
Multiple models were developed in the 20th century for use in predicting the
speed of sound and attenuation in the ocean bottom. In 1956, M. A. Biot
published a landmark theory on the propagation of sound through isotropic
homogeneous poroelastic media containing a viscous pore fluid. [21,22] To
determine the wave propagation through the medium, the relative motion
of the frame and pore fluid was considered. To account for viscous effects,
Biot assumed Couette flow of the viscous fluid in the interstitial pores. This
model also assumes a monolithic poroelastic frame with complex shear and
bulk moduli. In all, this theory produces three propagating waves: a ‘fast’
compression wave generated when the frame and pore fluid are compressed
in phase, a ‘slow’ compression wave generated when the frame and pore fluid
are compressed out of phase, and a shear wave. Biot also defined a critical
frequency which separates the low and high frequency behavior of the wave
speeds and attenuations.
Using the poroelastic Biot model as a basis, other theories have been
developed to help explain observed acoustic behavior by including micro-scale
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physics within the solid-fluid composite medium. Dvorkin et al. developed a
modification to the Biot model which takes into account fluid motion perpen-
dicular to the direction of propagation (squirt flow) in fractured rock. [23] With
the addition of squirt flow, the model predicts a distinctly slower fast acoustic
wave at low frequencies compared to the Biot model due to a transition to a
diffusive rather than propagating wave.
Biot’s model was adapted by Stoll for use with granular media. [24]
Specifically, the Biot-Stoll model viewed the collection of grains comprising
the sediment as the porous frame through which the pore fluid could flow.
Other than this change in the geometry of the model, no large-scale changes
were made to apply the model to a granular medium.
Modifications to the Biot-Stoll model were developed by Chotiros and
Isakson. [25] Instead of looking at squirt flow in macroscopic cracks in rock like
Dvorkin et al. a squirt flow mechanism was developed for the grain contacts
in a water-saturated sediment. The grain contact in this case is modeled as a
spring and the fluid surrounding the solid contact as a spring-dashpot system.
This type of squirt flow differs from that of Dvorkin since the orientation of the
flow need not be perpendicular to the direction of wave propagation. With the
addition of this system to the Biot-Stoll model, a (bulk) relaxation frequency is
introduced in addition to Biot’s critical frequency which produces an increase
in high-frequency wave speed for the fast and slow waves as well as an increase
in attenuation for the fast and slow waves at high frequency.
In addition to developing a model for the grain contacts subject to
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compression, Chotiros and Isakson also took into account the shear rigidity of
the grain contacts. In a manner similar to to the compressive stiffness, the
shear stiffness of the solid contact is modeled as a spring. At the same solid
contact in the fluid, shear drag is modeled as a dashpot. Combination of this
mechanical analog into the shear modulus yields a third relaxation frequency
at which the high-frequency behavior of the shear and slow wave speeds and
the three attenuation coefficients increase.
Chotiros and Isakson also considered viscous drag at the grain contacts
in addition to the shear drag and squirt flow mechanisms. [26] In Biot’s orig-
inal model, Couette flow of the viscous fluid through the pores was assumed.
However, when the boundary layer of the fluid becomes a significant portion of
the pore space, this assumption breaks down and a more complex flow profile
is used. This frequency-dependent correction term is incorporated into the
shear modulus and is governed by the thickness of the fluid film between the
sediment grains, with a thinner layer deviating more from Couette flow and,
therefore, causing more deviation from the original Biot-Stoll model. The ef-
fect of this modification to the shear modulus is to decrease the wave speeds
at frequencies above the shear relaxation frequency while the attenuation is
left substantially unchanged. The prediction for the fast wave is significant
because the trend of the sound speed with frequency changes from an asymp-
totic behavior to negative dispersion which is not predicted by the Biot or
Biot-Stoll models.
Various simplifications of the Biot-Stoll model have been applied to
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different frequency ranges or values of the various material properties. One
example of this type of model was developed by Williams for granular sedi-
ments in which the frame bulk and shear moduli were set to zero. [27] The
purpose of this model was to demonstrate that, for a broad frequency range,
the frame parameters played a very small role in the predictions of the Biot-
Stoll model. By removing the two complex moduli, a total of four parameters
in the model were removed which increases the ease with which the model can
be implemented while still observing the same overall trend in speed of sound
and attenuation.
Simpler models for acoustic propagation in sediments in which the sedi-
ment is approximated as a fluid have also been proposed. [28,29] Buckingham’s
dissipative fluid model, for example, was developed to address trends in the
attenuation of experimental data not predicted by the Biot-type models. In
this model, it is assumed that the frame of unconsolidated grains has no shear
rigidity, and, instead, losses are introduced due to intergranular friction.
Despite the different approaches to modeling the propagation of acoustic
waves in water-saturated granular sediments, no one model can predict the
speed of sound and attenuation in a given medium across a range of frequencies.
In all, there is no consensus as to the correctness of any given model.
1.2.2 Experiments
Various experiments have been performed both in situ and in the laboratory to
determine the speed of sound and attenuation of acoustic waves in sediments.
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In situ experiments are conducted on real sediments and, therefore, do not
conform to the ideal homogeneous isotropic conditions of sediment acoustic
models. In the laboratory, however, more attention can be paid to the ma-
terial under interrogation and experiments probing specific properties of the
sediments can be performed.
In Situ Measurements
Studies of the acoustic properties of the ocean floor in situ increased in the last
third of the 20th century; measurements of the speed of sound and attenuation
in water-saturated sediments were reported for a variety of locations using a
variety of methods. There were two main goals for these types of experiments.
First, basic knowledge of the speed of sound and attenuation was desired
for a broad array of different ocean environments. Second, this data was
compiled and empirical relationships of sound speed and attenuation with
frequency were derived as a basis for prediction of these acoustic parameters
from knowledge of observable physical properties. As the sediment acoustic
models became more sophisticated, the measurements were compared to model
predictions to determine the applicability of a given acoustic model to each
type of sediment.
Hamilton, an aggregator of sound speed and attenuation measurements
from the 1950s onward, sought to simplify the prediction of sound speed and
attenuation by compiling a database of sediment types and locations. To
determine the acoustic properties of the sediment in a given locale, the sed-
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iment type from a chart would be selected. Given the sediment type and
the frequency of acoustic wave, the speed of sound and attenuation would be
predicted. Note that the value of attenuation predicted with this method re-
lied upon empirical relationships between the speed of sound and attenuation
Hamilton developed in the 1970s and 80s. [30–33]
In the 1980s it was realized that the complexity of the physical envi-
ronment of the ocean floor played a large role in acoustic measurements, so
measurements began to focus on the differences between the various sediments
and locales, rather than attempting to generalize predictions based on sediment
type. Measurements on stratified sediments, for example, supported the idea
that variations in the physical properties of different layers of sands affected
the overall acoustic properties of the bulk material. [34] Similarly, Anderson
and Hampton studied the acoustic properties of gas bearing sediments, taking
particular note of the small amount of free gas needed to drastically change the
observed speed and attenuation of sound. [35] Therefore, a generalized chart
of sediment types was no longer an adequate descriptor and predictor of the
sediment acoustic properties.
To move away from the generalized approach to sediment sound speed
and attenuation prediction, more knowledge of the physical properties of the
sediments was needed. Turgut and Yamamoto performed a study in which
acoustic measurements were made using acoustic pulses transmitted through
saturated beach sands. [36] Using tomographic processing on the acoustic data,
the porosity and permeability of the samples was inferred. Agreement between
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the physical and acoustic measurements of these properties was excellent.
To gain a broad-scale understanding of one sediment locale, experi-
ments involving scientists from many institutions were performed. Sediment
Acoustics Experiments in 1999 and 2004 (known as SAX99 and SAX04, re-
spectively) were designed to increase understanding of the interaction of ocean
sediment with high-frequency acoustic waves. [37–40] Figure 1.1, adapted from
Reference 39, shows the results of an array of measurement techniques per-
formed during the SAX99 experiment. The dash-dot lines correspond to the
predictions of Buckingham’s fluid model [29] and the solid, dashed, and dotted
lines correspond to predictions of Biot-derivative models. The sound speed is
reasonably well predicted by both classes of models in the 10 kHz to 100 kHz
range, but at frequencies less than 10 kHz, the fluid model overpredicts the
measured sound speed values. The attenuation values are predicted by the
fluid model above 20 kHz, but below this frequency, neither model accurately
captures the behavior of the measured attenuation values. Note that there
is marked dispersion; this phenomenon was not well understood or widely
accepted until the 1990s.
Laboratory Measurements
The result of the in situ measurements that have been performed is a broad
understanding of the acoustic behavior of ocean sediments, but these results
are not adequately described by any one existing acoustic model. Therefore,
there is interest in performing laboratory experiments to test the effect of var-
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ious physical properties on the acoustic propagation without the variability
introduced by real-world conditions. In addition, multiple methods of inter-
rogating sediments have been developed and examples of the major methods,
resonators, pulsed time-of-flight, and Fourier phase, are presented.
Early laboratory measurements on water-saturated granular sediments
focused on resonance measurements of sediment cores retrieved from vari-
ous locations throughout the oceans. [41–43] These studies by Shumway used
samples collected from various ocean sites by divers using a thin-walled plas-
tic tube which was pressed into the sediment bottom. The tube was sealed
and returned to the lab where resonance measurements for the sediment-filled
tube were compared to identical measurements in water. By observing the
frequency spectrum of the resonant field within the tube, the resonance fre-
quencies were found and related to the wavelength and speed of sound within
the tube.
At the same time as Shumway, Busby, and Richardson conducted at-
tenuation measurements on sediments in the 0.5 MHz to 3.0 MHz range using
a pulsed time-of-flight technique. [44] Though similar to Shumway’s appara-
tus, this device tested artificial glass bead and reconstituted marine sediments
compacted into a portion of a glass tube. Pulsed ultrasound signals were
transmitted through the sample and a layer of water. Results of Busby and
Richardson’s tests were consistent with those of Shumway extrapolated to
higher frequency.
Schwartz and Plona performed experiments on artificial plastic and
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glass bead sediments using a Fourier phase technique. [45] The principle goal
of their study was to compare experimental measurements to multiple scat-
tering models developed for use in solid state physics. The multiple scattering
formalism developed using a t-matrix approach and the effective medium and
quasicrystalline approximations predicts sound speed and attenuation values
in agreement with the reported data. As a note, the data presented in Fig-
ures 1 and 2 of Reference 45 occupies a kd range of approximately 0.1 to 2.1.
If the reported values of grain diameter and frequency are used to calculate
kd, however, there is disagreement with the reported range of kd by a factor
of 2. Therefore, either the axis is mislabeled or the frequency range for the
plexiglas spheres only spans 150 kHz to 1.5 MHz.
In recent years, using the three methods discussed above, the effect of
different physical properties on acoustic propagation through sediments have
been studied. A sampling of studies related to single physical phenomena are
now presented to show the current trend in laboratory measurements.
In 1980, variations of the acoustic properties of unconsolidated artifi-
cial sediments based on temperature fluctuations were measured by Bell and
Shirley using a time-of-flight technique. [46] Their study showed conclusively
that as the temperature of an artificial laboratory sediment was varied, the
speed of the compression wave scaled with the temperature-dependent speed
of the pore fluid. In addition, they found that the compression wave attenu-
ation and the shear wave speed and attenuation were insensitive to temper-
ature. These findings reflect Hamilton’s insistence that compression sound
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speed measured in the lab be corrected for the difference in temperature at
depth and in the lab. [30]
Lee et al. studied the effect of grain size on acoustic wave propagation
and determined that it had a large effect of the speed of sound and attenu-
ation. [47,48] Using a Fourier phase technique the speed of sound and atten-
uation were found in the 300 kHz to 1.1 MHz range. Initially, the Fourier
phase technique was applied to a sediment path/water path comparison in
Reference 47, but the team changed to comparison of two measurements with
different path lengths in the same medium in Reference 48.
The results from the earlier study [47] showed general agreement in
speed of sound with the scattering theory of Schwartz and Plona [45] but
not with a Biot-derivative or fluid models. [24,29] The attenuation measure-
ments agree with absorption and scattering calculations within experimental
error, but the frequency-dependence of the attenuation coefficient is not cap-
tured. In the later Lee et al. study [48] glass beads sediments with six different
mean grain sizes were interrogated. The speed of sound displayed increasing
amounts of negative dispersion with increasing grain diameter. Additionally,
the frequency-dependence of the attenuation coefficient increased as a function
of frequency and grain diameter.
The bulk modulus of the frame of a poroelastic composite medium was
studied by Kimura who determined that the magnitude of the frame bulk
modulus was dependent upon the grain size distribution of the component
granular medium. [49] To compare the effect of the frame, a dry test sediment
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was placed in a 19 mm diameter container and both pulsed compression and
shear waves were transmitted. This measurement was also performed for the
same container under vacuum. Then, the same sample was saturated with
water, degassed, and placed in a 40 mm diameter container. A pulsed time-
of-flight technique was used to find the speed of the compression and shear
waves in the medium. This was repeated for an array of samples with mean
grain size 0.5 φ to 2.5 φ. For the the vacuum, air, and water case, the frame
bulk modulus decreased with decreasing grain size (increasing φ).
Another model parameter, the viscosity of the interstitial fluid, was
studied by Hefner and Williams [50] A pulsed time-of-flight technique was
used to measure the speed of sound and attenuation of waves in glass beads
saturated with water or silicone oil with a viscosity 100 times that of water.
The pore fluid was found to govern the frequency at which the transition
from low to high frequency behavior occurs. The measured speed of sound
was well predicted for both the water- and silicone oil-saturated beads by
both the Williams EDFM model and Buckingham’s effective fluid model. The
attenuation measurements, however, agree with Buckingham’s model but not
the Williams EDFM. Therefore, it was concluded that, though the effect of
fluid viscosity on speed of sound is well modeled, the relationship of attenuation
with frequency requires more study.
In general, there has been much debate regarding the existence of sound
speed dispersion. Though models predicted [24,25] and various in situ mea-
surements had reported sound speed dispersion [39], there was little evidence
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of the phenomenon in a laboratory setting. In 1985, Wingham demonstrated
slight positive dispersion on the order of 0.5% to 1% between 100 kHz and
400 kHz. [51] Due to the size of the apparatus required to determine low-
frequency sound speed, it wasn’t until 2007 that Wilson et al. were able to
show positive dispersion on the order of 4% from 2 kHz to 300 kHz in agree-
ment with the Williams Effective Density Fluid Model. [52] Even more recently,
at frequencies above 100 kHz, negative dispersion has been reported. [47,48,53]
Also debated is the frequency dependence of the attenuation coefficient.
For many years, a dependence of f 1 had been found in field measurements for
3.5 kHz to 100 kHz. [31] More recently, however, field measurements have been
shown to deviate from the f 1 dependence in the low-frequency (< 10 kHz) and
high-frequency (100 kHz to 400 kHz) regimes. [39] At higher frequencies, lab-
oratory measurements have demonstrated an even greater range of frequency
dependence, from f 1 to f 4 [48] depending on the properties of the test medium.
Therefore, more evidence must still be gathered before a satisfactory descrip-
tion of attenuation can be formed.
Despite the growing understanding of the relationship between the ma-
terial properties and acoustic properties of these materials, there is still no
ability to accurately and simultaneously predict both the speed of sound and
attenuation across the range of frequencies and range of sediment types of
interest to the underwater acoustics community. In addition, the sediment
acoustics community has neither produced nor adopted a benchmark or ‘gold
standard’ set of measurements to which models can be compared to determine
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the accuracy of their predictions. To begin to address this deficiency, this
monograph describes three experiments designed to examine different aspects
of water-saturated sediment in an idealized laboratory environment, in which
a high degree of control can be achieved over experimental conditions, and
measurement uncertainty can be accurately determined.
1.3 Contributions
The three experiments described in this monograph are designed to study dif-
ferent aspects of water-saturated sediments. 1) The low frequency speed of
sound and attenuation in a controlled laboratory setting was measured us-
ing an acoustic resonator. 2) Porosity, an important geophysical parameter
used in many models, was varied using a fluidized bed and the speed of sound
and attenuation in the 200 kHz to 900 kHz range was found. 3) A large
tank employed a pulsed time-of-flight method to study the variability of the
sound speed and attenuation due to variability within water-saturated gran-
ular materials such as grain size distribution and spherical and natural grain
morphologies.
Low Frequency Sound Speed and Attenuation: Resonator Tube
Currently there is a relative scarcity of measurements of sound speed
and attenuation in water-saturated granular sediments at frequencies below
10 kHz. Existent data from direct field measurements and inversions from
other geoacoustic tests report a wide range (±2%) of resultant sound speed
values. [37,54] Also, there is typically more measurement uncertainty in the
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reported field measurements than there are differences in the predictions of
competing models. Indirect inversion methods are also commonly used and
report a comparable range of sound speeds. Since the total dispersion predicted
by the models in Chapter 2 is on the order of 8%, more work must be done
to conclusively determine values for the low frequency sound speed in water
saturated granular sediments.
To address these deficiencies, well-controlled measurements on homo-
geneous samples are desired. It is difficult to achieve homogeneous samples
for standard acoustic through-transmission measurements due to the volume
of sediment required. Since the wavelength in sea water at 1 kHz is approxi-
mately 1.5 m, at-sea measurements must ideally be taken with several square
meters of area in the across-path direction. [39,54] For model comparison, this
volume should be as homogeneous as possible, and, at sea, it can not be made
adequately homogeneous.
Therefore, a resonator of sufficient size to measure low frequency sound
speed and attenuation in a water-saturated sand sample was constructed.
Since this apparatus used plane wave propagation in a waveguide as the basis
for measurements, a more homogeneous sample could be maintained than for
the cubic meters of material needed in the open sea.
Effect of Porosity in Isolation: Fluidized Bed
Porosity of a water-saturated sand plays an important role in the prop-
agation of acoustic waves. Richardson and Jackson have studied the effect of
porosity on a global scale, compiling numerous measurements obtained across
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many sediment types. [55] Naturally, the sediment porosity changes are also
accompanied by grain size and material differences.
Until this study there was no method for studying what the effect of
porosity is on the sound speed and attenuation in isolation. That is, mea-
surements of sediments in situ must be made with whatever the prevailing
porosity might be and laboratory measurements on glass bead and reconsti-
tuted sediments are only able to vary the porosity by mixing, but no fine
control was possible. The fluidized bed used for this study was designed to
create a homogeneously porous sample of monodisperse glass beads through
which ultrasonic measurements could be performed. Variation in the flow rate
through the fluidized bed granted the ability to finely control the porosity of
the sample over a range of values typical to ocean sediments.
Effect of Sediment Grain Characteristics: Time-of-Flight Tank
One aspect confounding model predictions of the speed of sound and
attenuation through water-saturated sediments is the presence of inhomo-
geneities such as rocks, bubbles, and biological organisms in an otherwise
homogeneous medium. Previous measurements designed to study these types
of inclusions as well as the general question of broad grain size distribution have
been performed, but no parametric study of the effect of grain size distribution
in non-monodisperse media have been performed, nor has there been conclu-
sive data on the addition of small amounts of shell or other larger particles
to an otherwise homogeneous sand. Also, the variability of grain orientation
has been expressly avoided in the laboratory by using shakers and tampers to
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settle sediments to a stationary and compact state.
A pulsed time-of-flight method was used in a specially designed tank
to address these questions of variability. Glass bead samples of different sizes
mixed in specific ratios were measured as well as a homogeneous monodisperse
sand with shell inclusions. In addition, each sample was manually mixed and
measured multiple times to determine the overall effect of particle and scatterer
orientation on the overall sound speed and attenuation.
1.4 Organization of the Dissertation
The roadmap to the remainder of this document is presented. Chapter 2
presents two poroelastic propagation models for acoustic propagation in a
water-saturated granular medium, the Biot-Stoll model and the Biot-Stoll
plus contact squirt flow and shear viscous drag (BICSQS) model. Chapters 3
through 5 describe the experiments carried out to investigate the acoustic
properties of such granular media. A large resonator filled with sediment used
to examine the low frequency speed of sound and attenuation is presented in
Chapter 3. To observe the effect of porosity on speed of sound and atten-
uation, experiments using a fluidized bed are discussed in Chapter 4. The
time-of-flight apparatus in Chapter 5 presents a tank-like apparatus for exam-
ination of sound speed and attenuation in a variety of materials is presented.
In Chapter 6, comparisons between the values of sound speed and attenuation
from Chapters 3 through 5 are compared to one another and to data from the
literature. Appendicies containing support information including schematics,
20
sample code, model descriptions, and other experimental details are included
before concluding with a bibliography.
21
Figure 1.1: Measured sound speed and attenuation data from the SAX99
experiments. Figures are from Reference 39.
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Chapter 2
Models of Acoustic Propagation
in Water-Saturated Marine
Sediments
Numerous models have been proposed to predict the attenuation and speed of
sound in water-saturated granular media. [24,23,26,29,27,30] The basis of the
most prevalent models for acoustic propagation in water-saturated granular
media are based on M. A. Biot’s model for acoustic propagation through a
fluid-saturated porous elastic medium. [21,22] A specialization of the Biot
model to granular media developed by Stoll is derived in Section 2.1.1. [24]
Various modifications to Stoll’s model have been developed in an attempt to
quantify various microphysical sediment behaviors. The Biot-Stoll plus contact
squirt flow and shear viscous drag (BICSQS) model developed by Chotiros
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and Isakson is presented in Section 2.1.2. [26] These two models are compared
to the sound speed and attenuation measurements presented in Chapters 3
through 5. In Section 2.2, the models are used to demonstrate the effect of
various sediment physical parameters on the speed and attenuation of sound
propagation.
2.1 The Biot Model
Biot developed a model for acoustic propagation in a solid porous elastic frame
saturated with viscous fluid. [21,22] By modeling wave propagation in both
the solid and fluid phases of the material, a set of four coupled differential
equations was produced. Upon solving the system of equations for propagating
plane waves, three solutions are obtained: two compression waves and one
shear wave. The first compression wave, the ‘fast’ wave, occurs when the
motion of the elastic frame and pore fluid are in phase. Conversely, the second
compression wave, the ‘slow’ wave, occurs when the motion of the elastic
frame and fluid are out of phase and propagates much more slowly and with
much larger losses than the fast wave. The shear wave propagates through
the composite medium with a speed and attenuation between those of the
two compression waves, though they are on the same order as the speed and
attenuation of the slow wave.
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2.1.1 The Biot-Stoll Model
Stoll adapted Biot’s theory for use with granular materials. [24] Instead of
a monolithic elastic solid, a matrix of solid elastic particles form the fluid-
saturated frame. The elastic solid particulate components comprising the
frame have density ρs and bulk modulus Ks. A fluid with viscosity µf , density
ρf , and bulk modulus Kf is confined to the interstitial spaces between grains.
The elastic particulate frame and viscous fluid has an aggregate density
ρ = (1− β) ρs + βρf , (2.1)
where β is the porosity, or fluid fraction of the mixture. The frame also has a
shear modulus
G = G0 (1− jδ′) , (2.2)
and bulk modulus
K = K0 (1− jδ′′) , (2.3)
where G0 and K0 are the quasistatic shear and bulk moduli of the frame and
δ′ and δ′′ are the specific losses with respect to shear and compression.
Due to the viscosity of the fluid within the pores, an increased effective
mass density for the fluid,
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m′ =
αfρf
β
+ j
µfF
kpω
, (2.4)
must be considered where αf is the tortuosity of the fluid paths within the
frame, ω is the angular frequency, and kp is the intrinsic permeability of the
frame to fluid flow. The tortuosity αf is defined as the mean distance of travel
for a fluid particle through the frame per unit length of frame. Also note that
F is the viscosity correction factor
F =
κT
4 [1− 2jT/κ] , (2.5)
where T is defined in terms of the Bessel function of the first kind as
T =
−√jJ1
(√
jκ
)
J0
(√
jκ
) . (2.6)
The parameter κ from Equation 2.6 is defined as
κ = a
√
ωρf
µf
, (2.7)
where a is a pore size factor defined by Biot to be
a = ab
√
kp
β
, (2.8)
for ab =
√
16/3 to
√
8 based on geometry of the pores. Stoll proposed a pore
size factor of
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a =
1
7
d¯, (2.9)
where d¯ is the mean grain diameter because it better fit the array of experi-
mental data he had collected. [56] Therefore, Equation 2.9 will be used for all
model calculations.
To determine the speed and attenuation of the fast, slow, and shear
waves propagating through the material described in Equations 2.2-2.9, a set
of coupled differential equations for the displacement of the frame u and fluid
U are defined in terms of the scalar potentials Φs and Φf and the vector
potentials Ψs and Ψf as
u = ∇Φs +∇×Ψs (2.10)
β (u− U) = ∇Φf +∇×Ψf . (2.11)
Reduction of this system of equations to scalar potentials and assuming a plane
wave solution of the form ej(kx−ωt) yields
−k2HΦs + k2CΦf = −ω2ρΦs + ρfω2Φf (2.12)
−k2CΦs + k2MΦf = −ω2ρfΦs + ω2m′Φf .
In Equations 2.13,
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H =
(Ks −K)2
D −K +K +
4G
3
(2.13)
C =
Ks (Ks −K)
D −K
M =
K2s
D −K
and
D = Ks
[
1 + β
(
Ks
Kf
− 1
)]
,
where k is the complex wavenumber. Deconstruction of Equations 2.13 into a
matrix formulation yields
−k2H + ω2ρ k2C − ρfω2
−k2C + ω2ρf k2M − ω2m′

Φs
Φf
 = 0.
To solve the matrix equation for the nontrivial solution in k2, the de-
terminant of the coefficient matrix is set to zero. The solutions to the charac-
teristic equation
k4
(
C2 −HM)+k2 (Hm′ − 2Cρf + ρM)ω2 (2.14)
+
(
ρ2f − ρm′
)
ω4 = 0,
for k2 are
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k2 =
ω2 (Hm′ − 2Cρf + ρM)
2 (HM − C2)
[
1±
√
1− 4 (C
2 −HM) (ρ2l − ρm′)
(Hm′ − 2Cρf + ρM)2
]
. (2.15)
For c = ω/ (k − jα), the fast and slow wave speeds and corresponding atten-
uation expressions are [57]
(
cp,1
cp,2
)
= Re
[√
2 (HM − C2)
(ρM +m′H − 2ρfC)∓
√
A
]
, (2.16)
and
αp,i = ω
|Im [cp,i]|
|cp,i|2
(2.17)
for i = 1, 2 and
A = (m′H − ρM)2 + 4 (ρfH − ρC) (ρfM −m′C) . (2.18)
Note that the fast wave is the subtraction and the slow wave is the addition
in Equation 2.16. The shear wave speed and attenuation are
ct =
√
Gm′
ρm′ − ρ2f
, (2.19)
and
αt = ω
|Im [ct]|
|ct|2
. (2.20)
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Typical curves for the three wave speeds and attenuations are shown in
Figure 2.1 as dashed lines. Note that the fast wave speed is an order of mag-
nitude larger than either of the other wave speeds. In addition, the fast wave
has a lower attenuation coefficient over the entire frequency range. Therefore,
when observations of propagating acoustic waves in fluid-saturated granular
media are made, the pulse arriving first and with the largest amplitude will
be the fast wave.
The behavior of the three different waves have similarities. Each wave
speed rises from a low-frequency asymptote, rises through an inflection, and
approaches a high frequency asymptote. Similarly, all of the attenuation curves
have one frequency dependence at low frequencies and a different frequency
dependence at high frequencies. The transition between the low and high
frequency regime for both sound speed and attenuation occurs at Biot’s ‘char-
acteristic frequency’ [22] which is defined as
fc =
βµf
2piρfkp
. (2.21)
2.1.2 The BICSQS Model
The Biot-Stoll plus contact squirt flow and shear viscous drag (BICSQS) model
adds physical relaxation mechanisms to the Biot-Stoll model due friction at
the grain contacts and boundary layer viscosity in the thin fluid film between
grains. [25,26] In a non-fused granular structure, grain to grain contacts have
frequency dependent behavior which differs from the solid connections assumed
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in the Biot-Stoll model. These relaxation phenomena are included in the frame
bulk and shear moduli from Equations 2.3 and 2.2 by introducing bulk (ωk)
and shear (ωG) relaxation frequencies. The modified bulk modulus is
Kb = K0 +
Ky
1− j ωk
ω
, (2.22)
and shear modulus is
G = G0
(
1 + j
ω
ωG
)
, (2.23)
where K0 and G0 are the low frequency asymptotic frame bulk and shear
moduli and Ky is the difference in low and high frequency asymptotic frame
bulk modulus makes the bulk and shear moduli frequency dependent. Also,
the free parameters from the Biot-Stoll model, K0, G0, δ
′, and δ′′, have been
superseded by the parameters ωk, ωG, Ky, and G0. The value of K0 is now
calculated from the frame shear modulus Gc and the frame Poisson Ratio ν as
described in Appendix F.
In addition to the bulk and shear relaxation phenomena, shear drag is
added to the model. [26] In his derivation, Biot assumed Couette flow in the
pores of the frame, but, at high frequencies, the inertia of the fluid causes
deviations from this ideal flow. Therefore, a linear shear profile between the
grains is used and a new high frequency correction function is designed to
replace Equation 2.7 with
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κ1 = a1
√
ωρf
µf
, (2.24)
for a1 defined as half the fluid film thickness between the grains. Equation 2.5
is replaced by
F1s (κ1) =
κ1
√
j cosh
(
κ1
√
j
)
sinh
(
κ1
√
j
) , (2.25)
to account for the linear shear profile between the grains. Since this correction
describes the ability of the grains comprising the frame to shear past one
another, the frame shear modulus in Equation 2.23 is further modified to
become
G = G0
(
1 + jF1s (κ1)
ω
ωk
)
. (2.26)
Figure 2.1 shows typical wave speed and wave attenuation predictions
using Equations 2.16 through 2.17 and 2.19 through 2.20 with the addition of
the moduli in Equations 2.22 and 2.26. Note that, in the low frequency regime
the additional relaxation phenomena have little impact on the sound speed or
attenuation. In the high frequency regime, the wave speed exhibits negative
dispersion once the high frequency shear correction is applied. The model also
predicts that the attenuation of compression waves will increase quickly at
frequencies above the shear relaxation frequency, no longer following the f 1/2
dependence of the Biot-Stoll model.
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2.2 Model Parameters
To gain a further understanding of how the Biot-Stoll and BICSQS models
change based on the different physical properties of the test medium, a short
discussion of the properties will be presented. Due to the nature of the ex-
periments being conducted, the discussion will be restricted to the effects on
the propagation of the fast wave. The parameters used in the figures through-
out Section 2.2 are found in Table 2.1 and are designed to span the range of
normally occurring values for water-saturated sediments.
Figure 2.2 shows a comparison of the fast wave and the fast wave at-
tenuation, hereafter referred to as the sound speed and attenuation, for the
BICSQS and Biot-Stoll models. The baseline values used in model calcula-
tions are the average of those from References 36 and 39 for both models. For
parameters unique to the BICSQS model, the parameters given in Table III
of Reference 25 are used.
2.2.1 Grain Parameters
The physical parameters of the solid elastic grains using the Biot-Stoll and
BICSQS models are the grain bulk modulus Ks and the grain density ρs.
Figure 2.3 shows the speed of sound and attenuation as a solid line for the
BICSQS model and as a dashed line for the Biot-Stoll model. The grain
density is varied in (a) and (b) and the grain bulk modulus in (c) and (d).
The values for grain density used were 2500, 2580, 2650, and 2670 kg/m3
whereas values for the grain bulk modulus were 29.2, 20.9, 38, and 34 GPa.
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These values correspond to clay, borosilicate glass, quartz, and the baseline,
respectively. [58,59] Clay and quartz are both commonly found materials in
water-saturated sediments and glass of different types is used in laboratory
tests.
These parameters have opposing effects on the speed of sound and nearly
identical effects on the attenuation for this range of values. The speed of sound
in (a) uniformly decreases with increasing grain density. Similarly, as shown in
(c), as the bulk modulus decreases toward the bulk modulus of water, the speed
of sound decreases. Since the wave is propagating in the composite medium,
there is exchange of acoustic energy between the water and the solid grains. As
the grain density increases, the reflection coefficient at the surface of the grains
approaches 1, and there is no transmission of acoustic energy. Therefore, the
wave must approach the speed of sound of the water between the grains. In
contrast, as the bulk modulus approaches the modulus of water, the reflection
coefficient becomes near zero causing perfect transmission through a medium
with the effective properties of water.
The attenuation curves in (b) and (d) show little change with variation
in either the grain density or the grain bulk modulus. There is a clear region
of f 2 frequency dependence at low frequency transitioning to f 1/2 at high
frequency. For the BICSQS model there is another transition which remains
consistent across all variations in grain density or bulk modulus.
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2.2.2 Fluid Parameters
The water contained in the interstitial spaces between grains has properties of
fluid density ρf , fluid bulk modulus Kf , and fluid viscosity µf which appear
in the Biot-Stoll and BICSQS models. Figure 2.4 shows the effects of varying
the density in (a) and (b), bulk modulus in (c) and (d), and viscosity in (e)
and (f). Values of fluid density used were 997, 1012, and 1023 kg/m3 which
correspond to fresh water, the baseline, and salt water respectively. [60] The
values of fluid bulk modulus were 1.99, 2.12, 2.22, and 2.30 GPa and viscosity
were 1791, 1306, 1001, and 793 Pa·s which correspond to fresh water at 0.01,
10, 20, and 30◦C which span a range of temperatures found in situ and in the
laboratory. [60]
Figure 2.4(a) shows that there is little effect of the fluid density on the
low-frequency speed of sound in the composite medium, but at frequencies on
the order of 100 kHz there is a slight increase in speed of sound. In (c) it
is clear that increasing the grain bulk modulus uniformly increases the speed
of sound. This is similar to the effect of decreasing the grain bulk modulus;
as the difference acoustic impedance of the fluid and grains gets smaller, the
speed of sound approaches that of a material with the sound speed of the solid
grains. (e) shows the effect of fluid viscosity. In this case, there is no change in
overall magnitude of the speed of sound. Instead, the frequency at which the
transition from low to high frequency behavior shifts downward as viscosity
decreases as predicted by Biot’s critical frequency from Equation 2.21. Note
that for all for the fluid variables, the Biot-Stoll and BICSQS models have the
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same amount of variation for the variation in a given parameter.
There is no change in the attenuation as a function of the fluid density
or bulk modulus as shown in (b) and (d). As with the speed of sound, changes
in the viscosity of the water causes a change in the transition frequency from
low to high frequency behavior as shown in (f). For a given frequency, both
models have attenuation increase slightly with decreasing viscosity.
2.2.3 Frame Parameters
Structure Properties
The structure of the granular frame has properties of porosity β, permeability
kp, and tortuosity cm. The values used for porosity were 0.350, 0.385, 0.4125,
and 0.450 which span a range of values for monodisperse bead packing and
natural sediments. [55,61] The permeability values used were 10−9, 10−11, and
10−13 which correspond to clean sand, fine-very fine sand, and clay. [62] Tortu-
osity was varied using 1.00, 1.66, 2.33, and 3.00 which span a range of possible
values.
Figure 2.5 shows results of varying the porosity in (a) and (b), the
permeability in (c) and (d), and the tortuosity in (e) and (f). Decreases in
porosity cause a broadband increase in the speed of sound due to the increase
in the volume concentration of high sound speed particles as shown in (a).
The effect of variation in permeability on the speed of sound are shown in
(c). As with the viscosity, the position of Biot’s critical frequency from Equa-
tion 2.21 changes. For low values of permeability, there is a distinct inflection
36
point in both model curves at the critical frequency. For higher frequencies,
this effect is obscured in the BICSQS curves due to the additional relaxation
phenomena. The effect of tortuosity variation is shown in (e). As the tor-
tuosity increases, less distance in the direction of propagation, on average, is
covered by a fluid particle during an acoustic cycle. Therefore, the acoustic
disturbance is transmitted more slowly for larger values of tortuosity for both
models.
The porosity has little effect on the attenuation, as shown in (b). The
permeability shown in (d), however, has a large effect. The position of the Biot
critical frequency shifts by orders of magnitude in step with the permeability.
An inflection point is visible at the critical frequency for both models, though,
as with the speed of sound, the effect is somewhat masked by the other relax-
ation phenomena in the BICSQS model. The tortuosity has a larger effect on
attenuation at high frequencies than at low frequencies, as shown in (f). Note
that the BICSQS model has a steepening high-frequency slope with increasing
tortuosity due to the increased interaction of the acoustic wave with the pore
walls per unit distance.
Pore Size Properties
The elastic frame has two different lengths used to describe the pore spaces.
Biot’s pore size parameter ab is the size of the pore spaces between grains in
the elastic frame. Pore size values were 10−5, 3.98 × 10−5, and 10−4 which
span a mean grain diameter range of 70-700 µm according to Appendix F.
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The second pore size is the half fluid film thickness a1 which describes the
mean thickness of the layer of fluid surrounding a solid particle. Fluid film
thicknesses used were 10−8, 10−7, 10−6, and 10−5 which span a range of values
dependent upon the shape and porosity of the grains used.
Figure 2.6 shows the result of varying these pore size parameters. Fig-
ure 2.6(a) and (b) show Biot’s pore size results and (c) and (d) show the film
thickness results. In (a) the pore size is shown to change the slope of the
transition from low to high frequency behavior; smaller pores cause a faster
shift due to the increased friction of the fluid with the pore walls. The film
thickness results in (c) only show a result for the BICSQS model since it is a
parameter unique to that model. Since the film thickness is used to correct
the flow profile of the fluid through the pores at high frequency, the effect of
the pore size is only noted in that regime. As the pore size is increased, there
is a larger effect of the shear relaxation phenomena since the layer in which
the shear occurs is larger.
The effect upon attenuation of the variation in pore size is noted in
Figure 2.6(b). There is no dependence of the attenuation on pore size at low
frequency. Increasing pore size, however, causes a drop in the attenuation
at high frequencies since there is less viscous interaction of the pore fluid
with the grains at the pore walls. The effect of the pore size in the BICSQS
model is not large for these physical parameters since the film thickness and
shear relaxation dominate the attenuation at high frequencies. Figure 2.6(d)
demonstrates the dominance of the film thickness at high frequencies. As the
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thickness increases, more losses occur at the boundary of the pores and the
attenuation increases. Again, there is no dependence of the Biot-Stoll model
on this parameter since it is unique to the BICSQS model.
Elastic Properties
The granular frame is defined to have both a shear G0 and bulk K0 modulus
in both the Biot-Stoll and BICSQS models. However, in this monograph the
bulk modulus is defined using the Poisson’s ratio as described in Section F.1.3.
The BICSQS model has an additional elastic modulus, Ky, which describes the
difference in low and high frequency values of the bulk modulus. The frame
shear modulus was varied using 0.001, 0.0266, and 0.10 GPa and the difference
in low and high frequency bulk moduli was varied between 0.01, 0.1, 1.0, and
2.0 GPa which spans an order of magnitude above and below the baseline in
both cases.
Figure 2.7 shows the result of varying the low and high bulk modulus
difference in (a) and (b) and the shear modulus in (c) and (d). The bulk
modulus difference parameter is only present in the BICSQS model, so no
change is noted in the Biot-Stoll model. As the name of this parameter im-
plies, the speed of sound for the BICSQS model, defined roughly as
√
K/ρ,
is unchanged at low frequencies but increases with increasing Ky at high fre-
quencies as evidence in (a). In (c), both models register an overall speed of
sound increase due to the use of the shear modulus in the calculation of the
frame bulk modulus. As the shear modulus increases, so too does the bulk
39
modulus as described in Section F.1.3. In addition, the BICSQS model has an
increasingly steep high frequency roll-off with increasing shear modulus due
to the increasing strength of the shear relaxation process.
Figure 2.7(b) shows no variation in attenuation for the Biot-Stoll model
since there is no difference in low and high frequency bulk modulus. No vari-
ation in attenuation is noted for the BICSQS model since this property is
only a part of the bulk modulus and does not directly contribute to the losses
in the system. The effect of the shear modulus on attenuation is apparent
in (d). The Biot-Stoll model shows an increased attenuation coefficient with
increasing shear modulus due to the losses included in the complex shear mod-
ulus included in the model. At low frequencies, however, the BICSQS model
does not exhibit the same rise in attenuation. Instead, the attenuation is
concentrated in the high-frequency regime and increases with increasing shear
modulus since the shear relaxation process is enhanced.
Loss Properties
Four properties are used to describe the losses in the system, the shear and
bulk log decrement, δ′ and δ′′ for the Biot-Stoll model and the bulk and shear
relaxation frequency, fk and fµ, for the BICSQS model. The shear and bulk
log decrement were assigned values of 0.01, 0.172, and 1.0 and 0.01, 0.15,
and 1.0 respectively. These values correspond to the baseline taken from the
literature varied an order of magnitude about the baseline. The bulk relaxation
frequency was varied across each decade from 102 to 106 Hz and the shear
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relaxation frequency was varied across each decade from 104 to 107 Hz which
are values consistent with Reference 25.
Figure 2.8(a) through (d) shows the results of the log decrement varia-
tion and (e) through (g) show the result of the relaxation frequency variation.
As shown in (a) and (c), there is no effect upon the sound speed by the shear
or bulk log decrement values respectively. Since these values govern the imag-
inary part of the complex shear and bulk moduli, there should be no effect
upon the speed of sound which is derived from the real portion of the mod-
uli. Figure 2.8(e) and (g) show the effect of the bulk and shear relaxation
frequencies on the speed of sound, respectively. In (e), a decrease in the bulk
relaxation frequency is shown to shift an inflection point in the curve to a lower
frequency. It is evident, however, that this is not Biot’s relaxation frequency
which remains stationary at approximately 4 kHz. Figure 2.8(g) demonstrates
that as the shear relaxation frequency is increased, the frequency at which the
negative dispersion occurs is also increased.
The dependence of the attenuation on the shear and bulk log decrement
are shown in Figure 2.8(b) and (d). As either of these parameters is increased
it introduces losses into the elastic moduli and the attenuation at both low and
high frequencies increases. Figure 2.8(f) shows the effect on the attenuation
of the bulk relaxation frequency. The additional inflection point observed in
the speed of sound is also visible in the attenuation curves. This relaxation
process increases the attenuation at low frequencies while having a modest
effect at mid-frequencies due to the overlap of this phenomenon with Biot’s
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critical frequency. At high frequencies there is no effect. In (h), however, the
effect of the shear relaxation frequency is shown. There is no effect on the low
frequency attenuation, but the high frequency attenuation increases as the
inflection point governed by the relaxation frequency increases in frequency.
2.3 Conclusions
The models presented have the same framework which has been modified to
accommodate an increasingly complex set of physical phenomena. Specifically,
the BICSQS model depends upon a fully elastic lattice through which viscous
forces in the pores can play a larger role in the response of the composite
material.
Of the material properties presented in these models, the properties
which have the largest overall effect on the speed of sound for values germane
to this experiment are the shear relaxation frequency, fluid bulk modulus, film
thickness, permeability, porosity, tortuosity, and shear modulus. With respect
to the attenuation, the shear modulus, shear relaxation frequency, and film
thickness are the governing material properties. Of these parameters, the fluid
bulk modulus , permeability, and porosity were measured in the laboratory.
The film thickness and tortuosity were calculated based on the grain size,
porosity, and permeability measurements. Therefore, the main fit parameters
for both the speed of sound and attenuation are the shear modulus and the
shear relaxation frequency.
The Biot-Stoll and BICSQS models are compared to the data presented
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throughout this study in Sections 3.6, 4.4, 5.6.2, and 6.1. In each figure,
beginning with the material parameters from Table 2.1, values of Ky, G0, fk,
fµ, δ
′, δ′′ were varied until a qualitative agreement with the majority of the
data was achieved.
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Figure 2.1: A typical set of wave speed and attenuation model curves for the
Biot-Stoll model (dashed lines) and BICSQS model (solid lines) for the fast
wave in (a)–(b), shear wave in (c)–(d), and slow wave in (e)–(f). Both sets of
curves are calculated from Equations 2.16 through 2.17 and 2.19 through 2.20
using the moduli in Equations 2.2 and 2.3 and Equations 2.22 and 2.26. Base-
line values for the material parameters used in these calculations are given in
Table 2.1. These values represent average values from Table II of Reference 25.
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Figure 2.2: Baseline sound speed and attenuation for the fast wave in the
Biot-Stoll model (dashed lines) and BICSQS model (solid lines). Physical
parameters used for the model curves are found in the Baseline column of
Table 2.1. The speed of sound for the BICSQS model exhibits the same low-
frequency sound speed as the Biot-Stoll model, but displays negative dispersion
at higher frequencies. The attenuation predictions for both models are consis-
tent at low frequency, but the BICSQS model has an increase in attenuation
at high frequencies compared to the Biot-Stoll model.
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Figure 2.3: The effect of grain parameter variation is shown. The sound speed
and attenuation for the Biot-Stoll model (dashed lines) and BICSQS model
(solid lines). The density of the grains has been varied in (a) and (b). The
bulk modulus of the grains has been varied in (c) and (d).
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Figure 2.4: The effect of fluid parameter variation is shown. The sound speed
and attenuation for the Biot-Stoll model (dashed lines) and BICSQS model
(solid lines). The density of the fluid has been varied in (a) and (b). The bulk
modulus of the fluid has been varied in (c) and (d). The viscosity of the fluid
has been varied in (e) and (f).
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Figure 2.5: The effect of pore structure parameter variation is shown. The
sound speed and attenuation for the Biot-Stoll model (dashed lines) and BIC-
SQS model (solid lines). The porosity of the frame has been varied in (a)
and (b). The permeability of the frame has been varied in (c) and (d). The
tortuosity of the frame has been varied in (e) and (f).
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Figure 2.6: The effect of pore size parameter variation is shown. The sound
speed and attenuation for the Biot-Stoll model (dashed lines) and BICSQS
model (solid lines). The pore size has been varied in (a) and (b). The half gap
thickness has been varied in (c) and (d).
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Figure 2.7: The effect of frame modulus variation is shown. The sound speed
and attenuation for the Biot-Stoll model (dashed lines) and BICSQS model
(solid lines). The frame bulk modulus difference has been varied in (a) and
(b). The frame shear modulus has been varied in (c) and (d).
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Figure 2.8: The effect of loss parameter variation is shown. The sound speed
and attenuation for the Biot-Stoll model (dashed lines) and BICSQS model
(solid lines). The shear specific loss has been varied in (a) and (b). The bulk
specific loss has been varied in (c) and (d). The bulk relaxation frequency has
been varied in (e) and (f). The shear relaxation frequency has been varied in
(g) and (h).
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Chapter 3
Low Frequency Regime –
Resonator Tube Measurements
3.1 Overview
A method to measure the sound speed and attenuation in water-saturated
sand at frequencies between 500 Hz and 5000 Hz in a laboratory setting using
a compact apparatus was devised. A one-dimensional cylindrical waveguide
terminated at both ends by a pressure-release surface was used as an acoustic
resonator. Similar devices have been used in the 20 kHz to 40 kHz range [41]
and 100 kHz to 500 kHz range, [63] but significant improvement to the method
and apparatus has been achieved. From the resonance spectrum, the resonance
frequencies of the waveguide were determined for both water and water satu-
rated sand samples. Resonance frequencies from the spectrum in the water-
filled case validated a model for acoustic propagation in an elastic waveguide.
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Using this elastic waveguide model and a model for layered materials within
the resonator, the resonance frequencies from the sediment filled case yielded
the intrinsic speed of sound in the water-saturated sand. From the water and
sediment resonance spectra, the quality factor of each resonance was found.
The intrinsic attenuation of the sediment was found by accounting for system-
atic losses in the measurement system. The losses associated with finite wall
rigidity were assessed from measurements with a water-filled system. A model
was used to account for sediment/tube wall viscous losses.
3.2 Description of Experimental Apparatus
A picture of the resonator tube in a supporting superstructure is shown in
Figure 3.1. The tube was constructed from a 1.88 m length of 4-inch Schedule
40 stainless steel pipe. Ends of the tube were faced and the edges were rounded
to ensure a rubber membrane used to cover the end of the tube would not be
ruptured by a sharp edge.
Simple boundary conditions at both ends of the tube facilitated a straight-
forward model of the system. The top end of the resonator was left open to the
air and, therefore, approximated a pressure release (P = 0) surface with an ex-
pected reflection coefficient of −0.9994. The base of the tube was sealed with a
stretched 1.5 mm thick rubber membrane fixed in place by electrical tape and
placed upon a stack of 12.7 mm thick sheets of closed cell foam. Since the wave-
length at the highest frequency of interest, 5 kHz, is approximately 300 mm,
the membrane is a small fraction of a wavelength (0.005λ) and effectively trans-
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parent. The foam, with an acoustic impedance of 2.91× 104 MKS Rayls [64],
has a reflection coefficient of −0.9641 with water, which approximates a second
pressure release termination.
A superstructure constructed of slotted steel was used to support the
resonator tube which rested on the foam sheets. Vertical position of the res-
onator within the structure was controlled by the height of the stack of foam
sheets, with the ability to raise or lower the empty tube by adding or remov-
ing foam blocks as needed. To anchor the resonator tube, steel pipe hangers
padded with 6.4 mm thick rubber were attached to the tube at approximately
one-quarter and three-quarters of its length and braced with additional pieces
of slotted steel ensured that the tube would be secured vertically.
A block diagram of the experimental apparatus is shown in Figure 3.2.
A computer containing an NI PCI-4461 data acquisition card and custom
LabVIEW interface was used to both generate and record the acoustic signals.
A Crown power amplifier, Model CE4000, was used to amplify the excitation
signal sent to an electromechanical shaker. This amplifier is flat to within
±0.25 dB across the frequency range of excitation.
A Bru¨el and Kjær Model 4809 electromechanical shaker was inverted
above the tube and supported by the slotted steel superstructure. Attached
to the shaker was a length of 12.7 mm diameter aluminum rod tapped at
both ends. Stainless steel threaded studs were used to attach the rod to
the shaker and the piston, shown in Appendix G, Figure G.1, to the rod.
The piston was designed to preferentially excite the plane wave mode within
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the test material while preventing bubbles from entraining on its underside
when first submerged. Preferential excitement of the fundamental plane wave
mode is maintained by matching the shape of the excitation with the particle
displacement profile within the tube for the desired mode and this piston
conforms closely to the simple one dimensional motion for the plane wave
mode. [65]
To record the acoustic pressure spectrum within the tube, a Bru¨el and
Kjær Model 8103 hydrophone was used. The hydrophone was seated in a
10 mm outer diameter stainless steel tubing to facilitate positioning within the
tube. This sheath was filled with degassed water to minimize the perturbation
of the acoustic field due to presence of the receiver. The hydrophone was
inserted into the top of the tube and held in place using a clamp attached to
the steel superstructure. Signals received by this hydrophone were passed to
a Bru¨el and Kjær Model 2692 charge conditioning amplifier. A filter on board
the charge amplifier provided a band pass from 1 Hz to 10 kHz. The output
from the amplifier was passed to the computer for collection and processing.
3.3 Methods and Materials
Samples tested using this apparatus consisted of Quikrete brand Play Sand
obtained from a local home improvement store. A typical grain size distribu-
tion for this type of well sorted sand is shown in Figure F.1 in Appendix F.
The sand was washed in buckets using filtered tap water to remove fine silty
particulates with diameters smaller than 60 µm. Once washed, the buckets
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containing the sand and the empty resonator tube were filled with degassed
water produced using the apparatus in Appendix C. The purpose of the de-
gassed tap water was to assist in removal of any air bubbles present in the
system which may impact the result of measurements. Over time, bubbles
adhering to the walls of the tube or the sand grains dissolve to help reestab-
lish equilibrium dissolved gas levels in the water. There remains debate in the
sediment acoustics community about the impact of relatively small amounts
of free gas that might remain trapped in crevices of the sediment grains even
after a degassing process is applied. The degassing process used here is capable
of eliminating all visible gas bubbles and no bubble-resonance-related pertur-
bations of the acoustic spectrum in the 10 Hz to 10 kHz band were observed,
which is a good indication that no bubbles larger than 0.32 mm in radius were
present.
After 24 hours, the shaker and piston were fitted to the superstructure
and the hydrophone was placed within the top 5 cm of the tube. Special
attention was paid to ensure no contact between the hydrophone and the
shaker. Measurements were then performed as discussed in Section 3.4.
Upon completion of the water measurement, the shaker, piston, and hy-
drophone were removed and sand was introduced to the tube using an enclosed
scoop fashioned from a 3 oz. syringe with the tip sliced off. Using this type of
enclosed scoop, air only had contact with the bottom surface of the sand as
it was transferred to the tube. With little to no contact with the air, no new
bubbles could be entrained in the transfer process. Sand was introduced to
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the tube to a level 5 cm to 20 cm below the top of the tube, with the excess
water siphoned from the tube during filling.
Once the sand was added to the tube, 24 hours were again given for the
sample to settle and any air bubbles dissolve. After this time, the shaker was
re-affixed to the superstructure. Varying lengths of interchangeable aluminum
rod were assembled to locate the piston coincident with the sand surface. The
hydrophone was then placed within the 5-20 cm thick water layer still present
at the top of the tube. Measurements were then performed as described in
Section 3.4 below.
3.4 Resonator Data Analysis
The intrinsic free-field speed of sound and attenuation is obtained through an
inference process coupled with analytic models of the measurement system.
The resonance frequencies and quality factors measured reflect the response of
an elastic waveguide filled with one or two layers of material. For the sediment-
filled resonator, the speed of sound in the sediment layer that results in the
measured resonance frequencies in the presence of the upper layer of water is
calculated. Then, for both water- and sediment-filled cases, the in-waveguide
sound speed is corrected for the effect of the elastic waveguide to finally arrive
at the intrinsic free-field sound speed. The quality factors for the resonance
frequencies used in calculation of the speed of sound in the sediment-filled
resonator are corrected for the systematic losses by calculating the quality
factors of the resonances for the water-filled resonator. In addition, losses
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due to the effective sediment viscosity were removed from the quality factor
measurements. Correction for both the systematic and viscous losses yields
the intrinsic free-field attenuation of the sediment within the resonator. The
models and procedure used in this inference operation are described below.
Transfer function measurements were obtained using the measurement
system described in Section 3.3. A periodic chirp source transmit signal, T (t),
from 10 Hz to 10 kHz was generated from output channel one of the data
acquisition card and routed to input channel one of the same card and to the
electromechanical shaker. The receive signal, R (t), from the charge amplifier
was recorded on input channel two of the data acquisition card. An FFT
was performed on each of the input channels using a rectangular window to
produce ST (ω) and SR (ω). These signals, now in the frequency domain, were
used to calculate the transfer function
HTR (ω) =
GTR (ω)
GTT (ω)
, (3.1)
where GTR is the cross power spectrum given by
GTR (ω) =
SR (ω)S
∗
T (ω)
N2
, (3.2)
GTT is the auto power spectrum given by
GTT (ω) =
ST (ω)S
∗
T (ω)
N2
, (3.3)
and spectra ST and SR are given by
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ST (ω) = FFT [W (t)T (t)] (3.4)
and
SR (ω) = FFT [W (t)R (t)] , (3.5)
for the transmit and receive signals, respectively. Note that in the above equa-
tions, FFT is the fast Fourier transform, the * denotes a complex conjugate,
W (t) is the rectangular window, and N is the length of the frequency array.
To reduce noise, 20 linear spectral averages were performed on each transfer
function.
The transmit amplitude was adjusted such that the coherence function,
CTR (ω) =
|GTR (ω)|2
GTT (ω)GRR (ω)
, (3.6)
was nominally unity, with GTR corresponding to the cross power spectrum in
Equation 3.2 and GRR and GTT corresponding to auto power spectra given
in Equation 3.3. A coherence value of unity is characteristic of a system
with no inherent noise or nonlinear effects whereas deviation from unity is
characteristic of a system with some amount of this misinformation present.
Coherence values for the resonator tube measurements remained above 0.975.
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3.5 Measurement Procedure
Two measurements were made to obtain accurate inference of the intrinsic
sound speed of the water-saturated sand. First, a measurement for the speed
of sound in a water-filled resonator was performed to calibrate the LaFleur and
Shields elastic waveguide model described in Appendix B. [65] This model has
been shown to successfully relate the phase speed inside an elastic waveguide
to the fill-material’s intrinsic sound speed. [66] Then a measurement was made
of the speed of sound in the water-saturated sand.
3.5.1 Water Measurements
For the calibration measurement, the resonator was filled with degassed fil-
tered tap water. A typical frequency domain transfer function calculated us-
ing Equation 3.1 on board the vector signal analyzer is shown in Figure 3.3.
The peaks of the spectrum are denoted by open red circles. Corresponding to
each of these peaks is a modal resonance frequency, fn. Kinsler et al. provide
that, since the boundary conditions are effectively pressure-release, the modal
phase speeds are related to integral numbers of half wavelengths within the
resonator according to
cwg,n =
nfn
2Lr
, (3.7)
where n is the mode number and Lr is the length of the resonator. [67] These
modal sound speeds are used as inputs to the model described in Appendix B
61
to find the intrinsic speed of sound, c0, of the water within the resonator.
Figure 3.4 shows the waveguide phase speeds associated with each resonance
peak in Figure 3.3 converted to speed of sound compared with the prediction
of the elastic waveguide model for this tube and water at the experimental
temperature of 19◦C. Note that the measured waveguide phase speed agrees
with the model to within the measurement uncertainty. Discussion of the
measurement uncertainty is found in Section 3.6.
The quality factors Qwg,n of the modal resonance frequencies fn were
found using
Qwg,n =
fn
f+n − f−n
, (3.8)
where f−n and f
+
n are the frequencies at which the spectrum falls 3 dB below
the magnitude of the resonance peak on the high and low frequency sides of
the resonance frequency, respectively. These frequencies define the half-power
bandwidth of each of the peaks and are shown as black circles in Figure 3.3.
The modal quality factors for the water-filled tube are denoted Q0,n.
3.5.2 Water-saturated sand measurements
Measurement of the speed of sound in the water-saturated sand involved mea-
suring the resonance spectrum of a tube containing two layers of materials:
a thick layer of water-saturated sand and a thin water layer. A typical res-
onance spectrum of the resonator filled with 1.62 m of sand and 0.13 m of
water is shown in Figure 3.5 with the peaks denoted by open red circles and
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half-power points denoted by open black circles. Note that the two longest
half-wavelengths which would appear at approximately 300 and 600 Hz are
not visible due to an inability to distinguish them from the background.
The modal phase speeds calculated from the half-wavelengths in the
layered water and water-saturated sand filled tube, cwg,n, are found using
Equation 3.7 Since these phase speeds are measured in the water layer, the
model in Appendix A was used to determine the modal phase speeds cs,n in
the sediment layer. The modal waveguide phase speeds were then used in
conjunction with the model in Appendix B to infer the intrinsic sound speed
of the water-saturated sand, csed,n. Results of each correction step for the
peaks in the spectrum in Figure 3.5 are shown in Figure 3.6. The raw sound
speeds, in blue have been smoothed by the two medium model and increased
approximately 20% by the elastic waveguide model.
Values of attenuation in the sediment were determined by finding the
quality factor for each resonance in the resonance spectrum of the sediment-
filled tube and correcting for the systematic losses and effective viscosity of the
sediment at the tube wall. Using Equation 3.8, the modal quality factors Qwg,n
were found and are denoted Qs,n for the sediment-filled tube. Using Equation 4
of Reference 68, the attenuation coefficient derived from the quality factor is
αn =
pifn
Qn(cn)
20 log10 e, (3.9)
denoted αs,n for the sediment and α0,n for the water.
The attenuation of sound in water in the 1000 Hz to 5000 Hz frequency
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range is 0.06 dB/km, so this loss mechanism can be safely neglected. There-
fore, the attenuation calculations for Q0,n account for the systematic losses in
the system due to coupling of the tube to the support structure, imperfect
boundary conditions, and transducer characteristics. Since the water and sed-
iment spectra do not have identical resonance frequencies, the values of α0,n
used to correct the attenuation will be interpolated from the measured values.
In addition to the systematic losses, there will be interaction of the
sediment with the resonator wall. Since the wavelength in the sediment is
much larger than the grain size, the sediment is considered to be an effective
fluid medium for the purpose of this calculation. The attenuation of a viscous
fluid in a tube is
αv,n =
1
a
√
µslpifn
ρc2s,n
20 log10 e, (3.10)
where ρ is the effective fluid medium density given by Equation 2.1 and the
effective slurry viscosity µsl is
µsl = µ0
(
1 + 2.5Cv + 10.05C
2
v + 0.00273e
16.6Cv
)
(3.11)
for the viscosity of water µ0 and solids volume concentration Cv = 1− β. [69]
Material properties for these calculations are found in Table F.2.
To infer the intrinsic free-field attenuation of sound in the sand sample,
the systematic (α0,n) and viscous (αv,n) losses are removed from the measured
sediment attenuation (αs,n) using
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αsed,n = αs,n − ˜α0,n − αv,n, (3.12)
where ˜α0,n are the interpolated system losses. The relative effect of each of the
loss corrections on the attenuation are shown in Figure 3.7. The systematic
losses are approximately 10% and the viscous losses are approximately 1% of
the raw sediment waveguide attenuation.
In addition to the resonator measurements, time-of-flight measurements
of sound speed at frequencies from 20 kHz to 125 kHz were performed. A
schematic of the low-frequency time-of-flight experiment is shown in Figure 3.8.
A small tank 0.61 m by 0.30 m by 0.30 m was used to contain a sediment sample
siphoned directly from the resonator. The function generator produced 1 cycle
pulses which were amplified using a power amplifier then transmitted through
the sediment sample by an ARL-400 projector. The ARL-400 is composed
of a 3 cm diameter, 0.5 cm thick PZT disc backed by a corprene layer and
encapsulated with polyurethane.
The signals received at two Bru¨el and Kjær model 8103 hydrophones
passed through a charge amplifier and band-pass filter before being displayed
on the oscilloscope. The time difference of arrival between the two received
pulses was determined on the oscilloscope using the oscilloscope’s measurement
cursors. The waveforms remained sufficiently similar so that corresponding
zero-crossings could be identified. Speed of sound was calculated by dividing
the measured distance between the receivers by the difference in measured
time-of-flight.
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3.6 Results
Overall measurement uncertainty is governed by the uncertainty in the length
of the fluid column(s) and the uncertainty in the peak frequency. Since the
LabVIEW interface calculates the frequency spectrum according to Equa-
tion 3.1, the normalized random error is approximated by [70]
f [|l|] ≈
[
1− CTR
2nCTR
]1/2
, (3.13)
where CTR is the coherence function and n is the number of averages. [71]
Since the coherence remained above 0.975 in these tests, the estimate for this
experiment is, therefore, 0.025 Hz. Length uncertainty in the layer thickness
measurements was 5 mm. By varying over this range in Equation 3.7, the mea-
sured modal sound speed varies by ±4 m/s. Uncertainty in the temperature
measurement was 0.1◦C which give rise to an uncertainty of approximately
3 m/s. This total 7 m/s uncertainty gives rise to approximately 0.5% uncer-
tainty across the measurement frequency range. Note that the magnitude of
the error bars for the speed of sound are consistent with the uncertainty in the
attenuation measurements.
Measurement uncertainty in the time-of-flight measurements was gov-
erned by the uncertainty in position of the receivers and the discretization of
the oscilloscope. The total uncertainty in these measurements was 20 m/s or
1.1% of the calculated speed of sound.
Results of the sound speed measurements are shown in Figure 3.9(a)
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along with the predictions of the models presented in Chapter 2. Model input
parameters used to calculate the models are given in Tables F.2 (blue) and F.5
(green). Note that results from two different realizations of sediment, created
by emptying and filling the tube, are shown. A table of these phase speed and
attenuation values are found in Appendix E.1.
Figure 3.9(b) along with the models from Chapter 2 are shown for the
attenuation calculations. The BICSQS model is shown as solid lines and the
Biot-Stoll model is shown as dashed lines. The blue curves are calculated
with material properties designed to match the speed of sound and the green
curves are calculated with material properties such that they will match the
attenuation. These different model calculations are necessary since the speed
of sound and attenuation could not simultaneously be described by either
model. In addition, the value of the bulk log decrement in the Biot-Stoll
model has been increased by an order of magnitude compared to standard
literature values in the dashed green line.
Half of the sound speed data agrees with the trend of the BICSQS
model, however, there are measured sound speeds higher than the model pre-
dictions across the frequency range potentially due to uneven compaction of
sand within the resonator. The time-of-flight data agrees well with the trends
of both models. The Biot-Stoll model fails to capture the low-frequency sound
speed behavior of this material.
Each of the model curves relates to the measured attenuation values
in a different way. The blue Biot-Stoll curve falls far short of the magnitude
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of the measured attenuation whereas the green Biot-Stoll curve captures the
overall trend, but only for very large values of the bulk log decrement. At the
high-attenuation side of the measurements, the blue BICSQS curve captures
the behavior of the attenuation. In contrast, the green BICSQS curve more
accurately describes the bulk of the attenuation measurements.
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Name Symbol Value
Fluid density ρf [kg/m
3] 997.5
Tube wall density ρw [kg/m
3] 7890
Tube compression speed cc [m/s] 5790
Tube transverse speed ct [m/s] 3100
Tube Poisson ratio ν [ ] 0.30
Tube inner radius b [m] 0.0492
Tube outer radius d [m] 0.0571
Table 3.1: Material properties used in calculation of the elastic waveguide
model.
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Figure 3.1: A photograph of the resonator apparatus. Only the aluminum
rod of the transmitter (piston) and the cable of the receiver (hydrophone) are
visible outside of the pipe.
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Figure 3.2: A schematic diagram of the Resonator Tube experimental appara-
tus with a water layer and sediment layer is shown. The transmitter (piston)
is denoted T and the receiver (hydrophone) is denoted R. The signal path
passes from the DAQ through the power amplifier to the shaker and returns
via the hydrophone and charge amplifier.
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Figure 3.3: An example transfer function spectrum from the resonator tube
filled with water calculated using Equation 3.1 is shown in blue. The red circles
denote frequency peaks (fn) used to determine modal phase speeds (c0,n) using
Equation 3.7. The black circles denote the half power frequencies (f+n and f
−
n )
used to calculate the water quality factor (Q0,n) in Equation 3.8.
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Figure 3.4: A dispersion curve for the resonator tube filled with water is shown.
Waveguide phase speed is normalized by the intrinsic speed of sound in water
using Equation F.3. Individual data points (circles) correspond to peaks from
Figure 3.3 converted to sound speed using Equation 3.7. The dashed line at
unity represents the intrinsic sound speed of the water. The solid line is the
solution to Equation B.13 for the temperature and pressure of the water and
the tube material properties found in Table 3.6. Error bars are due to the
uncertainty in length measurements and are discussed in Section 3.6.
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Figure 3.5: An example transfer function spectrum from the resonator tube
filled with layered water and water-saturated sand using Equation 3.7 is shown
in blue. The red circles denote frequency peaks (fn) used to determine modal
phase speeds (cwg,n) using Equation 3.7. The black circles denote the half
power frequencies (f+n and f
−
n ) used to calculate the sediment quality factor
(Qs,n) in Equation 3.8. The lowest two modes are not evident in the spectrum
and were not used in calculations.
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Figure 3.6: Example data reflecting the application of both the two-medium
model in Appendix A and the elastic waveguide model in Appendix B. The
black circles represent the modal sound speeds cwg,n recovered from the spec-
trum in Figure 3.5 using Equation 3.7. Red squares denote the result of the
two-medium correction on the initial modal sound speeds cs,n. The blue tri-
angles demonstrate the result of the elastic waveguide correction to csed,n.
Measurement uncertainty is on the order of the size of a data point and is due
to uncertainty in length measurements as discussed in Section 3.6.
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Figure 3.7: Relative strength of the loss mechanisms in the resonator are
shown. The raw sediment attenuation αs,n shown in black and the systematic
losses α0,n shown in blue were found using Equation 3.9. Losses due to effective
viscosity of the sediment αv,n from Equation 3.10 are shown in red. Note that
all attenuation values have been converted to [dB/m] using 20 log10 e.
76
61.0 cm
20.0 cm 16.5 cm
30.0 cm
15
.0
 c
m
Function
Generator
Power
Amplifier
Charge
Amplifier
Oscillo-
scope
Band-pass
Filter
Tx Rx2Rx1
Figure 3.8: A schematic diagram of the low frequency time-of-flight experi-
ments is shown. The acoustic signal originates at the function generator and
passes through the transmitter (Tx). The acoustic signal is received by the
receive transducers (Rx1 and Rx2) and displayed on the oscilloscope.
77
300 1000 3000 10000 30000 100000
1.0
1.1
1.2
1.3
Frequency [Hz]
c s
ed
/c
0
300 1000 3000 10000 30000 100000
0.3
1
3
10
30
Frequency [Hz]
A
tte
nu
at
io
n 
[d
B
/m
]
a)
b)
Figure 3.9: Results of the resonator experiments are shown. The modal phase
speeds csed,n produced by application of both the two-medium and elastic
waveguide models upon the model sound speeds measured in the resonator
tube are shown in (a). The sound speed is normalized by the intrinsic sound
speed in water c0 at the temperature and pressure of the water measurement.
Black points are resonator results and red points are time-of-flight results. At-
tenuation values αsed,n determined by removing systematic losses and effective
viscous effects from the measured quality factor of the resonances are shown
in (b). Solid lines denote the BICSQS model and dashed lines denote the
Biot-Stoll model. Blue lines denote material properties from Table F.2 and
green lines denote material properties from Table F.5.
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Chapter 4
Effect of Porosity – Fluidized
Bed Measurements
Porosity is an important material property in classifying different types of
sediments and is found in many sediment acoustic models. However, in no
study has the effect of porosity been studied in a controlled manner across
a range of frequencies, for a single sediment sample with uniform grain size
distribution. In such an idealized case, one can focus on the effect of porosity
in isolation, and, with sufficient knowledge of most of the sediment physical
parameters, one can make meaningful comparisons to various models of sound
propagation. Toward this end, a fluidized bed apparatus was used to prepare
specific porosities of a spherical glass bead sediment, and ultrasonic time-of-
flight measurements were conducted. Experimental results are compared to
the predictions of the BICSQS and Biot-Stoll models discussed in Chapter 2.
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4.1 Description of Experiment
The three artificial sediments were composed of soda lime glass spheres of
146 µm ±15 µm, 289 µm ±15 µm, and 549 µm ±15 µm diameters which
corresponds to models P0060, P0120, and P0230 technical glass spheres man-
ufactured by Potters Incorporated. An analysis of the grain size and other
material properties for each sample is found in Appendix F.
Sediment porosity β was controlled by using the fluidized bed apparatus
shown in Figure 4.1, which is similar to that described by Schro¨ter et al. [61]
Two sample holders with different cross-sectional areas were used. The interior
of the sample holder used for the P0120 beads was 6 cm × 6 cm square and the
sample holder used for the P0060 and P0230 beads was 10 cm × 10 cm square.
Both sample holders were 30 cm tall, with the sediment height dependent upon
porosity, but nominally 100 mm. Two parallel polycarbonate walls of the 6 cm
square sample holder were 1 mm thick and the other set of parallel walls were
10 mm thick whereas all walls of the 10 cm square sample holder were 10 mm
thick.
To populate the fluidized bed with a sample, the mass of the dry spheres
for each sample was measured, and the spheres were introduced to the appa-
ratus shown in Figure 4.1. Degassed distilled water prepared using the ap-
paratus in Appendix C was then continuously pumped through the sample
for 30 minutes using a Cole Parmer EW-75211-30 gear pump equipped with
a Micropump EW-07002-23 A-Mount pump head and then allowed to rest
overnight to dissolve trapped gas bubbles.
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Control over the porosity of the fluid-saturated monodisperse bead pack
was initiated by pumping water at a particular flow rate through the distribu-
tor, a block of sintered bronze powder 5 mm thick with approximately 10 µm-
diameter pores, located at the base of the sample holder. The beads were
carried into suspension, with the overall magnitude of their motion governed
by the flow rate. The beads achieved steady-state motion and, after two min-
utes, the flow was stopped. The beads were then given one minute to settle.
The resultant porosity was dependent upon the flow rate.
An additional procedure was used to achieve uniform porosity for β <
0.40: A series of three second duration flow pulses were introduced, starting at
a high flow rate but with an incrementally decreasing flow rate. This procedure
allowed the bead column to settle more uniformly. The spatial variability of
the porosity achieved by this technique was measured using micro-computed
x-ray tomograms and porosity variations of about ±0.005 were observed. [72]
Due to the time elapsed during this experiment and the availability of
equipment, two methods of data collection were used to produce and capture
pulses through the system. For tests on the P0120 beads, a rectangular exci-
tation pulse with a 10 volt amplitude and a 1.25 µs width was directed to a
pair of Panametrics V413 broadband ultrasonic transducers (labeled Tx) with
center frequencies of 500 kHz, which transmitted simultaneously through the
water and sediment paths, as shown in Figure 4.1(a). Another pair of ultra-
sonic transducers, Reson Model TC3029, (labeled Rx) with center frequen-
cies of 550 kHz received the acoustic signals. A digital storage oscilloscope
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(Tektronix Model TDS3014) acquired both the source signal and the received
signals. In this case, 512 linear time-domain signals were averaged onboard
the scope to remove noise. The averaged signals were transferred via ethernet
to a computer for analysis.
A schematic and photograph of the system for tests involving the P0060
and P0230 beads is shown in Figure 4.1(b) and (c). A Panametrics Model
5072PR Pulser-Receiver, triggered by the computer, generated a 300 volt
negative-going spike directed toward the same pair of Panametrics V413 trans-
ducers with center frequencies of 500 kHz. A second pair of Panametrics V413
transducers with center frequencies of 500 kHz received the acoustic signals.
An NI PCI-5105 data acquisition card operated with by a custom LabVIEW
interface digitized both the trigger and received signals. Twenty-five linear
time-domain averages were performed onboard the computer to remove noise.
All twenty-five of the received signals were retained to observe any variability
in the received signal over the course of data collection.
Typical time-domain pulses for the water and sediment paths are shown
in Figure 4.2 Note that the spike excitation produced a shorter decay time in
the signals received through the Panametrics transducers compared to the
square pulse received by the Reson transducers. The more compact signal
allowed for a greater ability to remove transducer and propagation effects.
Specifically, the water signal received from the Panametrics transducer shows
the large initial arrival and a clear second arrival 10 µs later due to the reflec-
tion from the polycarbonate/sediment interface. This reflection is not visible
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in the water data recorded from the Reson transducer.
To ensure a repeatable experiment, precise placement of the transducers
was necessary. Aquasonic industrial ultrasound coupling gel was used between
the transducer faces and the sample holder walls and custom clamps were used
to repeatably locate and hold the transducers in place. Their positions were
held constant during the course of the experiments.
To determine sediment porosity, images of the beads were obtained with
a Nikon D40x digital camera coincident with the acoustic measurements. A
fiducial scale indicating sediment height h was placed within the field of view
of the camera as shown in Figure 4.3. An automated thresholding routine
determined the height of the beads within the sample holder from this type of
image. The porosity of the sample β was determined with
β = 1− mb
ρbhA
, (4.1)
where mb and ρb are the dry mass and density of the beads, h is the height of
the beads within the column, and A is the cross-sectional area of the column.
The uncertainty in the calculated porosity is primarily due to the uncertainty
in the area and the bead density. [73] In the present experiment, this resulted
in a porosity uncertainty of ±0.003. The packing state and porosity of the sed-
iment was found to be unaffected by the acoustic excitation. This was verified
by comparing received signals at the beginning, middle, and end of the acous-
tic averaging interval. No systematic variations in the received waveforms were
found. A resistance temperature detector, labeled RTD in Figure 4.1, was used
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to measure the temperature during the acoustic measurements. Equation F.3
was later used to determine the sound speed c0 of the distilled water at the
experimental temperature and pressure.
The apparatus and preparation technique described above yielded poros-
ity control but also resulted in an acoustic path length that was shorter than
desired. In general, acoustic wavelengths at the lowest frequency of interest
are desired for through-transmission experiments to avoid the formation of
standing wave modes within the system. In the 6 cm fluidized bed, these
standing wave modes governed the lowest frequency that could be analyzed
using this method. Since eight wavelengths were present at 200 kHz in water,
the standing wave modes were avoided. For a fixed path length uncertainty,
sound speed measurement uncertainty is inversely proportional to path length.
To address this issue, the 10 cm sample holder was manufactured. Further in-
creasing the cross-sectional area of the apparatus beyond 10 cm × 10 cm while
retaining uniform porosity is difficult due to an inability to create a uniform
flow across the surface of the distributor.
Since the goal of this experiment was to investigate the effect of poros-
ity on the sound speed and attenuation, achievement of a homogeneous sed-
iment at the expense of simplicity in the acoustic data analysis was chosen.
In addition, the porosity control procedure took as long as several hours for
the dense sediments. Because the water temperature followed temperature
fluctuations in the laboratory, significant temperature-dependent sound speed
changes in the sample before and after the procedure were possible. Hence, the
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four-transducer apparatus of Figure 4.1 was used to facilitate contemporane-
ous post-preparation water-path calibration and sediment-path measurements
with no relocation of the transducers.
Systematic errors were inherent in the system. Coupling between the
sediment sample and the tank walls and transducers was found to be signif-
icant, as demonstrated in Appendix D. Further, initial measurements with
distilled water revealed that the sound speed and attenuation determined by
Equations 4.2 and 4.3 applied to the present four-transducer apparatus in-
cluded a systematic error due to a small path length difference between the
two transducer pairs. The effect of these systematic errors was found to be the
same order of magnitude (a few percent) as the sound speed changes expected
from the porosity dependency. Therefore, the calibration and error correction
procedure described in Section 4.2 was implemented to overcome these path
length and coupling-related errors. Near-field effects were quantified as de-
scribed in Reference [74] and found to be insignificant, which was also the case
for a similar experiment described in Reference [47].
4.2 Acoustic Data Analysis
The Fast Fourier Transforms (FFTs) of the received signals for both the water-
paths and sediment-paths were calculated. A Fourier phase technique was then
used to obtain a measurement of the apparent sound speed csys of the sediment
within the experimental system. [75] This sound speed was calculated with
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csys (ω) = c0
[
1− c0∆φ (ω)
ωd
]−1
, (4.2)
where c0 is the sound speed in the water portion of the fluidized bed determined
by Equation F.3, d is the length of travel for the acoustic wave within the
sample, ω = 2pif is the angular frequency, and ∆φ (ω) is the difference in
phase between the two FFT spectra at frequency ω. The apparent frequency
dependent attenuation of the sediment within the system was calculated with
αsys (ω) =
20
d
log10
(
A0 (ω)
Asys (ω)
)
, (4.3)
where A0 (ω) and Asys (ω) were the frequency dependent magnitudes of the
FFT spectra at frequency ω for the water and sediment paths, respectively.
The result of these calculations on a typical receive pulse is shown in Figure 4.4.
Note that the speed of sound and attenuation both exhibit some measure
of oscillation which is not predicted by the Biot-Stoll or BICSQS models.
This oscillation is most likely caused by the systematic errors discussed in
Section 4.1.
An equivalent circuit transmission line model of the experimental sys-
tem, shown in Figure 4.5, was used to correct for the systematic errors de-
scribed in Section 4.1. The model included the transducers, coupling gel, tank
walls, and the sediment (or water). The passive layers (Figure 4.5(c)) were
modeled with
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Z
(n)
0 =
ρ(n)c(n)S(n)
N2
Z
(n)
1 = jZ
(n)
0 tan
[
k(n)(d)(n)
2
]
Z
(n)
2 = −jZ(n)0 csc
[
k(n)(d)(n)
]
, (4.4)
where k(n), ρ(n), and c(n) are the wave number, density, and sound speed, re-
spectively, within the nth component, d(n) is the path length in the nth com-
ponent, S(n) is the surface area, and N is the transformation factor from one
physical domain to another. The frequency-dependent values of the sediment
sound speed and attenuation used in the system model are denoted by csed and
αsed respectively and are used to construct both k and c for the sediment layer.
A Mason equivalent circuit model of a thickness mode piezoelectric resonator
with a matching layer [76] was used to model the transducers (Figure 4.5(b)).
The unloaded electrical impedance of each transducer was measured and the
values for each model element shown in Figure 4.5(b) were found by fitting the
model to the impedance measurement, including the use of the properties for
the piezoelectric ceramic PZT-4 listed in Table 4.3 of Reference 77. Additional
material properties for the model elements are listed in Table 4.2. Measure-
ments made with distilled degassed water occupying both transmission paths
allowed for calibration of the transmission path lengths in the model.
To apply this model to the data, the experimental input signals for
the water and sediment paths were digitized, FFTs were taken, the resulting
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spectra were input into the system model, and the output spectra were calcu-
lated. These modeled output spectra were then subjected to the calculations
described in Equations 4.2 and 4.3 which yield modeled system values of csys,m
and αsys,m. Using Newton-Raphson iteration, csed and αsed were systemati-
cally varied in the model until the modeled system values of csys,m and αsys,m
matched the measured values of csys and αsys for each frequency ω and for each
porosity β. The values of csed and αsed that achieved this match were taken to
be the intrinsic free-field sound speed and attenuation of the sediment samples
and are reported in Figures 4.7 through 4.9.
Imperfect knowledge of the water and sediment path lengths, known
to within 0.1 mm, and total length of the other components (PZT, matching
layer, coupling gel and sample holder wall), known to within 0.05 mm, were
the largest source of measurement uncertainty in this work. The effect of
these uncertainties was determined using the circuit model and resulted in a
±0.0015 uncertainty in sound speed ratio, which is about the same size as the
data points used in Figures 4.7(b)-4.9(b).
4.3 Calibration Measurement
Calibration of the system was performed using silicone oils with a viscosity of
1×105 and 1×106 cSt. The calibration was performed by adding a 10 cm thick
layer of oil to the top of a 10 cm thick layer of degassed distilled water. Since
the silicone fluid is less dense than water and the two fluids are immiscible,
stratification of the fluids was achieved. Sound speed cso and attenuation αso
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were calculated using Equations 4.2 and 4.3 and processed using the model
outlined in Section 4.2. The resultant values of cso are shown in Figure 4.6.
The sound speed determined by the model falls within a range of values found
in the literature for silicone oil [78–80], however the values of αso retained
behavior that could not be accounted for. The sound speeds found in the
literature were measured at temperatures different than this experiment, so
some disagreement is possible. A regression of the temperature and speed of
sound values from Reference 79 shows that the overall difference in the dashed
as solid lines is consistent with the measured differences in sound speed for
the 0.6◦C difference in temperature.
4.4 Results
In Figures 4.7 through 4.9, the frequency dependence of the corrected sound
speed is compared to the predictions of the Biot-Stoll and BICSQS models
presented in Chapter 2, for the parameters given in Table 4.3. The Biot-Stoll
model is shown as a series of dashed lines and the BICSQS model is shown
as a series of solid lines. The colors and shapes represent consistent values
of β, within 2%, across Figures 4.7 through 4.9. No negative dispersion is
observed for the P0060 beads shown in Figure 4.7. Negative dispersion is
apparent above 550 kHz in Figure 4.8 for P0120 beads and all porosities and
for all frequencies in Figure 4.9 for P0230 beads for all porosities. Considering
just one frequency, 600 kHz for example, the variation in the measured sound
speed as a function of porosity is well-predicted by the Biot-Stoll and BICSQS
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models. Note that the attenuation is not well described by the models for
these model parameters.
Quantitative analysis of the dispersion of the speed of sound was per-
formed. The metric used to quantify the dispersion is the anomaly, or change,
in the speed of sound across the frequency range of interest. [45] Therefore,
the mean sound speed from 300 kHz to 400 kHz was used as the low-frequency
baseline from which to measure the dispersion. The high frequency value of
sound speed was the mean sound speed from 750 kHz to 800 kHz. An sample
anomaly calculation is found in Section 5.6.1.
The difference in the low and high frequency sound speed values for
each sample and porosity presented in Figures 4.7 through 4.9 is shown in
Figure 4.10. Note that the error bars represent the mean standard devia-
tion of the speed of sound measurements used in the average. For the P0060
sample, there is no notable dispersion with respect to frequency. The P0120
beads exhibit dispersion at each porosity on the order of −18 m/s. In addi-
tion, there is slightly more dispersion apparent, approximately 2 m/s, for the
lower-porosity measurement on the P0120 beads. The largest diameter beads,
the P0230 sample, displays marked negative dispersion for each porosity. The
lower porosity measurements show negative dispersion on the order of −40 m/s
whereas the most densely packed bed demonstrates a negative dispersion on
the order of −80 m/s. The increase in negative dispersion at the lower porosi-
ties can be attributed to an increase in one or a combination of the following
mechanisms: additional energy loss due to shear at an increasing number of
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grain contacts per unit volume or the increased density of scattering centers
per unit volume. [25,45]
The frequency dependence of the attenuation in Figures 4.7 through
4.9 demonstrates that for the P0060 beads the mean observed attenuation
is well described by the Biot-Stoll and BICSQS models. For the P0120 and
P0230 samples which have a larger mean grain size, however, the attenuation
matches poorly. It is interesting to note that if the shear and bulk relaxation
frequencies and the shear modulus were varied, a match could be made to
the attenuation for these two bead sizes, however the matching trend in the
speed of sound would be lost. Also, at low frequencies, all of the attenuation
measurements appear to have some measure of oscillation of attenuation with
frequency. Though a smooth curve is predicted by the models, this behavior
is consistent with other studies. [48,81]
Quantitative analysis of the frequency dependence of the attenuation
coefficient of acoustic waves for different bead diameters and porosities was
also conducted. To determine the frequency dependence of the attenuation
coefficient, a least-squares linear regression technique was performed on the
measured attenuation versus frequency in log-log space. Regressions were per-
formed on each attenuation measurement at both low frequency and high
frequency, as well as broadband. The broadband regression was performed
on the entire attenuation versus frequency dataset for each porosity and each
bead size. The low and high frequency regressions were performed on a band
of frequencies at each end of the attenuation versus frequency for each mea-
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surement. A summary of the frequency ranges used in these calculations is
presented in Table 4.1. An sample regression is found in Section 5.6.1.
Results of the regression analysis are presented in Figure 4.11. The
error bars correspond to the mean standard deviation of the residuals for the
data points used in each regression. For all of the samples, the low frequency
and broadband measurements are consistent. The broadband frequency de-
pendence of the attenuation coefficient is near 0.5 for the P0060 and P0120
beads regardless of porosity whereas the frequency dependence is near 0.75
for the P0230 beads. The increase for the P0230 beads can be attributed to
the much larger observed attenuation at high frequencies. These predictions
are consistent with Biot-type models which predict an attenuation coefficient
changing as f 0.5. [22,24]
The low and high frequency regression analysis presents a more de-
scriptive account of the frequency dependence. For all measurements, with
one exception, the low frequency dependence of the attenuation coefficient is
approximately 0.25. This is lower than the value predicted by Biot-Type mod-
els; this discrepancy can be attributed to the oscillations in the attenuation
data at low frequencies.
At high frequencies there is a much larger frequency dependence which
increases with decreasing porosity and increases with grain diameter. The
P0060 beads, for example, exhibit a frequency dependence of approximately
1 at high frequencies which increases slightly with decreasing porosity. In
contrast, the P0120 and P0230 beads have a strongly porosity-dependent fre-
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quency dependence. The P0120 beads exhibit a frequency dependence of al-
most f 2.75 at low porosity down to f 1.75 at high porosity and the P0230 beads
exhibit a frequency dependence of f 3.5 at low porosity down to f 2.75 at high
porosity. The larger value of the frequency exponent for all of the samples com-
pared to the low frequency value can be attributed to increased shear losses
from an increased number of grain contacts per unit volume or scattering
losses from an increased number of scattering centers per unit volume. [25,45]
With respect to scattering, the transition to the Rayleigh Scattering regime
at kd ≈ 1 occurs at 814 kHz for the P0120 beads and 429 kHz for the P0230
beads. The frequency dependence of the attenuation coefficient for these sam-
ples is consistent with the studies in References 81 and 48.
In Figure 4.12, the porosity dependence of the measured sound speed
and attenuation for the P0120 beads is shown and compared to the predictions
of the Biot-Stoll (dashed line) and BICSQS (solid line) models at 300, 550,
and 700 kHz for the parameters in Table 4.3. Measurements at porosities not
shown in Figure 4.8 are shown here. It is apparent that both the Biot-Stoll
and BICSQS models do a good job of describing the observed relative porosity
dependence. Specifically, the models capture the slope of the speed of sound
with porosity but not the magnitude. Plotted this way, the speed of sound
monotonically decreases with porosity. Therefore, the porosity appears to be
a good indicator of the sound speed in this glass bead sediment.
The magnitude and slope of the attenuation measurements matches the
BICSQS and Biot-Stoll models well, however, as frequency increases the overall
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magnitude shifts to higher values of attenuation. This phenomenon can also
be seen in Figure 4.8 since the values of attenuation at higher frequencies are
significantly lower than the model prediction there as well. Therefore, both
models do a good job of predicting the slope of the porosity-attenuation curve
at all frequencies, but the overall magnitude does not match.
4.4.1 Composite Fluidized Bed Results
In addition to observing the behavior the sound speed and attenuation of each
bead size in isolation, Figure 4.13 shows the data from Figures 4.7 through
4.9 plotted with the frequency axis nondimensionalized by the mean grain
diameter for each sample. The attenuation is also nondimensionalized by the
mean grain diameter. The colors shown in this figure represent porosities in
each sample that are within 2% of one another. In addition, the Biot-Stoll
and BICSQS models are shown for the parameters in Table 4.3.
It is interesting to note that, when normalized in this fashion, each of the
speed of sound measurements and all of the attenuation measurements collapse
onto a single trend line. The BICSQS model is able to capture this behavior in
the sound speed when using the P0120 grain size for the nondimensionalization,
but the Biot-Stoll model is not. Using the same nondimensionalization for both
axes of the attenuation, it is clear that the BICSQS model is able to follow
the trend of the data at high frequencies, albeit at approximately twice the
attenuation. The Biot-Stoll model captured the trend of the attenuation at
low frequencies, but fails to capture the change in frequency dependence near
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k0d = 1.
4.5 Conclusion
The porosity- and frequency-dependent sound speed and attenuation in an
artificial water-saturated glass bead sediment was measured using a fluidized
bed apparatus with a time-of-flight acoustic measurement and a Fourier phase
technique. The relative dependence of the sound speed on porosity is prop-
erly predicted by the Biot-based BICSQS model throughout the experimental
frequency range, 300 kHz to 800 kHz, and it also quantitatively described the
sound speed ratio to within about ±1%. The BICSQS model is able to quali-
tatively describe the attenuation but does not quantitatively describe the mag-
nitude. In contrast, the Biot-Stoll model fails to capture the speed of sound or
attenuation for larger grain diameters and higher frequencies. The measured
frequency dependence reveals negative dispersion at frequencies above 550 kHz
for the P0120 beads and at all frequencies for the P0230 beads. Attenuation
for the beads exhibits a stronger frequency dependence as the bead diame-
ter increases, rising from f 1 in the P0060 beads to f 3 in the P0230 beads at
800 kHz.
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Sample Low Frequency High Frequency Broadband
P0060 325–600 625–800 325–800
P0120 330–430 710–810 330–810
P0230 325–600 375–600 325–800
Table 4.1: Frequencies used in the attenuation regression analysis. All values
are in kHz. Results of the regression analysis are shown in Figure 4.11.
Density [kg/m3] Sound Speed [m/s]
Matching layer 1200 2650 (1 + 0.01j)
Coupling gel 1000 1500
Sample holder wall 1200 1800 (1 + 0.01j)
Table 4.2: Parameters used in the transmission line model. The sound speed
and density of the transducer matching layers and coupling gel were obtained
from their respective manufacturers. The sample holder wall density was mea-
sured, and its sound speed was also measured using commercial ultrasonic
testing instrumentation.
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Figure 4.1: Schematic diagrams of the fluidized bed system are shown in (a)
and (b) . The experiment for the P0120 beads is depicted in (a). The acoustic
signal originates at the function generator and passes through the two trans-
mitters (Tx). The acoustic signal is received by the receive transducers (Rx)
and displayed on the oscilloscope. The received signals are then passed to the
computer for further analysis. The experiment for the P0060 and P0230 beads
is depicted in (b). The computer triggers the pulser/receiver which produces
the acoustic signalwhich then passes through the two transmitters (Tx). The
acoustic signal is received by the receive tranducers (Rx) and recorded by the
computer for further analysis. A photograph of the 10 cm by 10 cm cross
section fluidized bed is shown in (c).
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Figure 4.2: Recorded pulses at 500 kHz in the fluidized bed are shown nor-
malized by their maximum value. The red traces represent signals received
through the Reson TC3029 receivers and the blue traces represent signals re-
ceived through the Panametrics V413 transducers. Signals received through
the water portion of the sample holder and signals received through the water-
saturated bead portion of the sample holder are shown in (a) and (b) respec-
tively.
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Figure 4.3: A photograph of beads within the sample holder. The scale visible
in the left side of the frame was affixed to the exterior of the sample holder for
reference. The height of the sample within the sample holder was determined
from this type of image using an automated thresholding subroutine.
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Figure 4.4: Typical speed of sound and attenuation of waves passing through a
sample of water-saturated beads calculated using Equations 4.2 and 4.3. These
values, for discrete frequencies, are used as inputs to the Transmission Line
model to produce the intrinsic speed of sound and attenuation in the sample.
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Figure 4.5: A schematic of the transmission line model for the fluidized bed is
shown. The overall layout of the model is shown in (a). The equivalent circuit
used to model the Tx and Rx transducers is shown in (b). The equivalent
circuit used to model the coupling gel, tank walls, and sample is shown in
(c). Material properties for the transducers were taken from Table 4.3 of
Reference 77. Other physical parameters used in the model are shown in
Table 4.2.
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Figure 4.6: Results of sound speed calibration measurements using silicone oil
are shown. The solid and dashed lines correspond to the speed of sound in
1×105 and 1×106 cSt viscosity silicone oils at 23.0◦C and 23.6◦C respectively.
Speed of sound data shown by the triangle, circle, and ex are tabulated values
from References 78, 79, and 80, respectively.
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Figure 4.7: Sound speed and attenuation data for P0060 beads versus fre-
quency for three values of porosity. Solid and dashed lines represent the result
of the BICSQS and Biot-Stoll models for the parameters in Table F.3, respec-
tively. Each color in Figures 4.7 through 4.9 corresponds to approximately the
same value of porosity.
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Figure 4.8: Sound speed and attenuation data for P0120 beads versus fre-
quency for four values of porosity. Solid and dashed lines represent the result
of the BICSQS and Biot-Stoll models for the parameters in Table F.3, respec-
tively. Each color in Figures 4.7 through 4.9 corresponds to approximately the
same value of porosity.
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Figure 4.9: Sound speed and attenuation data for P0230 beads versus fre-
quency for three values of porosity. Solid and dashed lines represent the result
of the BICSQS and Biot-Stoll models for the parameters in Table F.3, respec-
tively. Each color in Figures 4.7 through 4.9 corresponds to approximately the
same value of porosity.
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Figure 4.10: Results of the quantitative sound speed anomaly analysis at
800 kHz are shown. Data points represent the mean anomaly in sound speed
between low and high frequencies for each measurement. The error bars rep-
resent the mean standard deviation of the speed of sound for the data points
used to to find the sound speed anomaly.
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Figure 4.11: Results of the quantitative analysis of the frequency dependence
of the attenuation coefficient at 800 kHz are shown. Data points represent
the slope of the regression line through the low frequency, broadband, or high
frequency points shown in Table 4.11. Error bars represent the mean standard
deviation of the residuals of the points used in each regression.
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Figure 4.12: Sound speed and attenuation data for P0120 beads versus porosity
at 300, 550, and 700 kHz. Solid and dashed lines represent the result of the
BICSQS and Biot-Stoll models for the parameters in Table 4.3, respectively.
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Figure 4.13: Sound Speed and attenuation data for all fluidized bed bead
samples plotted with the Biot-Stoll and BICSQS models for the parameters
shown in Table 4.3. The vertical axis for sound speed is the measured value
of sound speed normalized by the sound speed of water calculated at the
experimental temperature. The horizontal axis is the wave number in water
at the experimental frequency times the bead radius for each of the bead
samples. Model attenuation curves use the speed of sound in water at the
experimental temperature multiplied by the grain size for the P0120 beads for
both the ordinate and the abscissa.
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Chapter 5
High Frequency Regime –
Time-of-Flight Measurements
Many measurements of sound speed and attenuation in marine sediments have
been made, yet the variability of the reported results is large and remains
poorly predicted by existing models. [25,55] To better understand the effect
of different material properties, a pulsed time-of-flight method was used in a
specially designed tank to address these questions of variability. Glass bead
samples of different sizes mixed in specific ratios were measured as well as
a homogeneous monodisperse sand with shell inclusions. In addition, each
sample was manually mixed and measured multiple times to determine the
overall effect of particle and scatterer orientation on the overall sound speed
and attenuation. A description of the materials that were tested is followed
by descriptions of the methodology and experimental apparatus. Finally, a
description of the data processing and results is presented.
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5.1 Descriptions of the Model Sediment Ma-
terials
Measurements were performed on two water-saturated samples of monodis-
perse glass beads and two sands. The samples of glass beads were grades
AE and C manufactured by Potters Incorporated1 and are described by the
grain size distributions and microscope images in Figures F.8 and F.9 respec-
tively. For brevity, these samples are referred to as PAE and PC throughout
this manuscript. Note that both samples are approximately monodisperse but
have different mean grain sizes, 133.8 µm and 346.9 µm.
The sand samples were Natural Play Sand manufactured by Pavestone
Company2 and natural beach sand collected from the location in Port Aransas,
TX shown in Figure F.3. The Pavestone sand will be denoted PAV and the
Port Aransas beach sand will be denoted PAD throughout this manuscript.
The grain size distributions for PAV and PAD are shown in Figures F.2 and
F.4. Note that the mean grain size for PAD is 147.3 µm and for PAV is
371.5 µm. These are similar (approximately 10% higher) than the PAE and
PC glass bead samples. Sample PAD has a sharply monodisperse grain size
distribution just like PAE and PC with a standard deviation of approximately
20%, but PAV has a much broader distribution with a standard deviation of
approximately 60%. These statistical metrics are compared to those of all
other samples in Table F.1.
1http://www.pottersbeads.com/
2http://www.pavestone.com/
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Mixtures of these materials were created to investigate the effect of grain
inhomogeneity on the speed and attenuation of sound. Five binary mixtures
of the PAE and PC beads in ratios ranging from 90%/10% to 50%/50%, re-
spectively, were tested and labeled P91 through P55, where the first number
indicates the proportion of sample PAE and the second number denotes the
proportion of sample PC in the mixture. Images and grain size distributions
for these mixtures are found in Figures F.10 through F.14. As the volume frac-
tion of large beads is increased, the mean grain size and standard deviation of
the grain size distribution both increase as shown in Table F.1. In addition to
the PAE/PC bead mixtures, one sample of 96% PAD and 4% crushed shell was
also created to simulate the presence of shell hash in an otherwise homogenous
sediment and will be denoted PAS in this manuscript. The shells pictured in
Figure F.5 had a diameter range of 6 mm to 12 mm and were crushed using a
modified bench grinder and hand sieved to achieve the distribution shown in
Figure F.6. The grain size distribution of the sand and shell mixture is shown
in Figure F.7.
A glossary of all material acronyms appears in Table F.9.
5.2 Experimental Apparatus
The sound speed and attenuation of acoustic waves in the sediment samples
was measured using a pulsed time-of-flight (TOF) technique. A description
of the apparatus used to contain the sediment and position the transducers is
presented in Section 5.2.1 followed by a description of the electrical excitation
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and signal recording system in Section 5.2.2. Finally, a description of the
experiment procedures is presented in Section 5.2.3.
5.2.1 Mechanical Apparatus
The foundation of the experimental apparatus was a 110 L polyethylene tank
0.67 m in height and 0.53 m in diameter with a wall thickness of 4 mm.
The tank was placed on aluminum blocks supported by structural steel to
prevent deflection of the base of the tank. A schematic of the experimental
apparatus is shown in Figure 5.1 both with (a) and without (b) a structural
steel superstructure used to fix the positions of the transducers. A photograph
of the system is shown in Figure 5.2.
Positioning systems for each of the transducers were installed to facili-
tate alignment of the acoustic beams before each test. On the interior of the
tank, two coaxial stainless steel transmit transducer housings specifically de-
signed for this experiment (shown in Figures G.2 through G.4) were inserted
into 11
2
′′
Schedule 40 PVC swiveling bulkhead fittings at a height of 0.33 m
within the tank. A stainless steel pipe nipple was inserted into the swivel-
ling bulkhead fittings on the exterior of the tank. Anchor plates shown in
Figure 5.3(a) and with a schematic in Figure G.6 were mounted on the super-
structure and facilitated fine control of the transducer position inside the tank
by using set screws to adjust the angle of the external pipe.
A precision traverse system was constructed to accurately position the
receive transducer assembly of the transmitters within the tank and is shown
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in Figure 5.3(b). Figure G.11 depicts the stage for the traverse which was fixed
to two pillow blocks riding on 2.5 cm diameter parallel steel rails mounted to
the top of the superstructure. On the underside of the stage were tapped
holes through which passed a 1/2
′′ − 13 threaded brass rod. The ends of
the brass rod were seated into rotating bearings fixed to the superstructure
and an adjustment handle was added. Each complete revolution of the handle
produced a translation of 2 mm of the stage along the rails. To fix the position
of the receiver and prevent further translation of the stage, a nylon and steel
pipe clamp was tightened onto the threaded brass rod at either end to prevent
any further revolution.
The receive transducer was mounted into the brass fitting depicted in
Figure G.8 using o-rings to electrically isolate the transducer from the fitting
and ensure the transducer and fitting remained concentric. The brass fitting
was press fit into a stainless steel tube of 10.3 mm outer diameter and 1.9 mm
thick walls using o-rings. The tube was inserted into a modified stainless steel
pipe flange which fixed the vertical position of the tube using set screws. The
flange, in turn, was located on the stage and fixed in place with 1/2
′′ − 13
bolts.
5.2.2 Instrumentation
An electrical excitation and recording system composed of a computer, func-
tion generator, power amplifier, transducers, and filters was used to perform
the time-of-flight measurements. A block diagram of the experiment is shown
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in Figure 5.4. An HP/Agilent 3314A function generator was controlled via
GPIB interface to generate the transmitted signals which were 0.156 V, 100 µs
duration sinusoidal pulses at test frequencies, ft, from 200 kHz to 900 kHz in
increments of 10 kHz. The duration of 100 µs was short enough to prevent
interference of the direct acoustic arrival at the receiver with any reflection,
yet long enough for the transmitter to achieve a steady state response. [82]
The generated signals were transmitted to both a TDS-3014B Tektronix
digital storage oscilloscope used for monitoring the transmit and receive sig-
nals and a Model 240L ENI 50 dB constant gain power amplifier used to boost
the signal amplitude. The signal at the output of the amplifier was connected
to one of two transmit transducers Tx (V318-SU Panametrics) ultrasonic im-
mersion transducers which had a center frequency of 500 kHz. At the input
to the transducer, the voltage was 100 V pk-pk.
The acoustic signal generated by the transducers propagated through
the model sediment to the receiver, a Reson TC4038 miniature reference hy-
drophone. A Reson VP2000 charge preamplifier with variable gain, low-pass
filter, and high-pass filter was used to condition the received signal. Nominal
gain settings on the VP2000 were 10 dB for water measurements and 30 dB
for sediment measurements. The high-pass frequency was 10 kHz and the
low-pass frequency was 1 MHz for all measurements.
After conditioning by the charge preamplifier, the received pulse was
passed through a Krohn-Hite Model 3944 analog filter which was controlled by
the computer using a GPIB interface. The filter was configured as a sequential
116
pair of Bessel bandpass filters, each with both the low and high pass frequencies
set to the center frequency of the transmitted pulse ft and a gain of 20 dB
was applied to the signal at the input to the filter. The Bessel filter mode was
chosen to provide maximally flat group delay at the transmit frequency and,
therefore, preserve the pulse shape in the central portion of the pulse. The filter
pair was used to reduce the effect of onset and offset transients produced by the
transmit transducers when transmitting off-resonance. Figure 5.5 compares
signals received through water without the filter present. The pulse transients
located at t = 30 µs and 130 µs are reduced by a factor of two relative to the
pulse and the central portion of the pulse is more uniform. In total, the filter
produced a net gain (including input gain) of 24 dB to the overall signal and
a 36 dB/octave suppression outside the pass band.
After passing through the Krohn-Hite filter, the signal passed to the
Tektronix oscilloscope and a National Instruments model PCI-5105 12-bit Data
Acquisition Card. A National Instruments LabVIEW interface was designed
to control the function generator and bandpass filter to automate the data
collection. The sampling frequency dF for the waveforms was 60 MHz giving
a time resolution of 16.67 ns. A pulse repetition rate of 40 Hz prevented
overlap of the transmitted signal with any reverberation within the tank.
During data collection 200 time records of 1 ms (60k samples) duration
were averaged and saved for subsequent processing. The transmit frequency
was then incremented and the experiment repeated at the next frequency.
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5.2.3 Experimental Procedures
Three types of measurements were performed using the apparatus from Sec-
tion 5.2.1 to determine the free-field speed of sound and attenuation of the
water-saturated samples. First, a set of measurements in water was performed
to determine the relative transducer calibration. Since the attenuation cal-
culation is sensitive to the amplitude of the two received signals, the relative
transducer amplitude response is determined. Then, a measurement of the
time-of-flight in water was used to determine the propagation distance from
each transmitter to the receiver. Finally, the sediment sample was added and
the signals propagating through the sediment were recorded for relative ampli-
tude analysis (yielding attenuation measurements) and time-of-flight analysis
(yielding speed of sound measurements). Then, the sediment was stirred to
achieve a different realization and the measurements were repeated. This was
done between 9 and 13 times for each type of sediment. The sound speed
and attenuation measurements obtained from these realizations is referred to
as a sample, and such a sample was collected for each sediment type. Each
individual measurement consisted of filling the tank with the desired sediment,
positioning and aligning the transducers, and collecting the acoustic data at
each of the test frequencies.
Preparation of the test samples was similar for the three test cases. For
the calibration and water tests, degassed filtered tap water produced using
the apparatus in Appendix C was added to the tank and allowed to rest
overnight to dissolve any entrained gas bubbles before testing. Similarly, the
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water-saturated samples were created by immersing the dry sediment grains
in degassed filtered tap water to dissolve any latent bubbles and, after resting
overnight, the samples were transferred to the tank using an enclosed scoop to
limit the exposure of the water-saturated media to air. The water-saturated
samples had a nominal height of 43 cm in the tank, 10 cm above the height
of the the transducers. Other studies have compacted the sample material to
ensure a uniform test medium. [48,81,83] In situ, there can be a long time of
natural settling, which is what the manual compaction is trying to emulate.
This study sought to emulate freshly disturbed natural sediments, such as
those found after a storm in shallow water.
For these experiments, the two transmitters were coaxial and the re-
ceiver was located along the coaligned acoustic axes of the two transmitters.
The acoustic axis was approximately 0.33 m from the bottom of the tank. To
physically align the transmitters, a repeating 500 kHz pulse with a 100 µs du-
ration and 40 Hz pulse repetition rate was applied to one of the transmitters
aimed in the direction of the receiver. The set screws in the anchor plate were
then used to adjust the angle of the transmitter until the maximum amplitude
of the received pulse was obtained. Then, the signal was applied to the other
transmitter and the alignment process was repeated.
Figure 5.8 illustrates the approximate receiver positions within the tank
for each of the test cases. During the calibration procedure, the receive trans-
ducer was positioned on the acoustic axis, midway between the two source
transducers. To ensure the receiver was in the center of the tank, a cross-
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correlation technique was used. The alignment signal was sent to both trans-
mitters simultaneously and the combined received signal from the hydrophone
was monitored on the oscilloscope. Clearly visible were the received pulses
from both transmitters. Since the transmitters were the same model and had
nominally the same electromechanical properties, the received pulses had the
same structure. The positioning stage, with a direction of travel parallel to
the beamline, was moved which caused a shift in the relative time of arrival of
the two received pulses. As the receiver neared the midpoint, the waves began
to interfere. When the pulses exactly overlapped in time, as demonstrated by
a maximum amplitude across all peaks of the received signal, the receiver was
at the midpoint of the acoustic axis, and the arrival time of both pulses was
identical.
For the water and sediment measurements, the receiver was located
nominally 5 cm from center in the along-beam direction, as shown in Figure 5.8.
The amount of translation was measured roughly with a millimeter scale and
the exact distances were determined using the method described in Section 5.4.
After the stage was translated along the acoustic axis, the translation stage
was locked in place to prevent any movement of the receiver.
One wavelength of the 500 kHz pulse in water is approximately 3 mm
and one revolution of the traverse screw provided a 2 mm translation of the
stage. Therefore, the interference of the received waves would pass through
2/3 of a wavelength per revolution. The maximum value of the amplitude was
found within 1/20 of a revolution of the translation screw which gives a position
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uncertainty of 0.1 mm for the receiver, or ±0.05 mm for each transmit-receive
pair.
At the beginning of each acoustic measurement, the temperature of
the test material was measured using a Fluke 80BK-A temperature probe
connected to a Fluke 287 multimeter. The overall temperature variation during
any one test, that is, in the time that it took to span all of the test frequencies
for both transmitters, was 0.2◦C which results in a drift in the speed of sound
of approximately 0.6 m/s. Temperatures across all measurements ranged from
19.3◦C through 30.6◦C with a mean of 21.3◦C and a standard deviation of
1.5◦C. All plots of the speed of sound in the test samples are normalized by
the speed of sound in water at the experimental temperature to remove this
variability.
After the transducer alignment and measurement of temperature, the
experiment was turned over to computer control and proceeded according to
the parameters set forth in Section 5.2.2. Once a set of measurements on a
water-saturated sample was completed, the medium was mixed by hand to
ensure a new realization of the distribution of grains. In this way, an ensemble
of measurements on the same test medium were made. No more than 14 and
no less than 8 such measurements were performed for each test material.
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5.3 Calibration Measurement Data Process-
ing
Calibration measurements outlined in Figure 5.6 were performed with the
receive transducer in the center of the tank as described in Section 5.2.3.
The amplitude difference of the signals received from each transmitter at this
receiver position is due only to the difference in transducer response between
each transmit-receive pair. This response difference must be addressed to
remove systematic error from the attenuation measurements.
To determine the frequency-dependent relative transducer response αcal (f),
the amplitude of the average time domain pulse centered at each frequency ft
was determined. Figure 5.7 displays both a time domain and frequency domain
representation of a typical received pulse at transmit frequency ft = 900 kHz.
Note that in the time domain signal a large transient is visible at the onset and
offset of each pulse, 220 µs and 320 µs respectively. Between these transients
there is a generally flat region. The FFT magnitude in Figure 5.7(b) shows a
large amount of frequency content below the transmit frequency. This energy
is attributable to the resonant behavior of the transmit transducers and occurs
temporarily at the beginning and end of the pulse.
To determine the amplitude of the signal at the transmit frequency
of the pulse, a Fast Fourier Transform (FFT) of a windowed portion of the
receive waveform was found. Examination of the offset of the filtered pulse at
t = 140 µs in Figure 5.5 yields a nominal value of 40 µs for the duration of the
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transient. The onset transient is assumed to be equal in duration though it
is obscured by the steady-state response and must be removed from the FFT
calculation using a window. [82] Therefore, since the latter half of the pulse
is uncorrupted by transients and the portion of the pulse from 40 µs to 90 µs
from the pulse onset was used for all calculations.
A Tukey window was then applied to the selected portion of the wave-
form. This window function tapers either end of the signal with a cosine taper
while keeping the central part of the signal at unity. The piecewise continuous
function
Wn =

1.0, 0 ≤ |n| ≤ wp Lp2
1
2
(
1 + cos
(
pi
n−wp Lp2
2(1−wp)Lp2
))
, wp
Lp
2
≤ |n| ≤ Lp
2
(5.1)
describes the Tukey window where Lp is the length of the signal of n samples
and wp is the fraction of the window that is tapered. [84] In these calculations
wp = 0.1 as suggested by Tukey in Reference 85.
An FFT was then performed on the windowed pulse. Zero padding to
a length of 218 points was used. The time domain signals from Figure 5.10(a)
are shown dimmed in Figure 5.11(a) with the windowed portion of the sig-
nals shown full color. Note that the transients have been removed from the
windowed pulses. The FFT magnitudes of the signals pictured in (b) show a
decrease in frequency content away from ft by at least 20 dB at 600 kHz.
An average across the frequency band −∆ft/2 ≤ f ≤ ∆ft/2 was per-
formed to ensure that any error due to asymmetries in the FFT peak or fre-
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quency shift due to the presence of the remaining transducer resonance effects
were mitigated. For these experiments the width of the frequency band is
∆ft = 10 kHz and
αcal (f) = 20 log10

∑ft+∆ft2
fn=ft−∆ft2
A2 (fn)∑ft+∆ft2
fn=ft−∆ft2
A1 (fn)
 , (5.2)
was used to compute the relative calibration amplitude.
5.4 Water Measurement Processing
The distance of propagation must be known for each of the transducer/receiver
pairs to accurately calculate the sound speed and attenuation. The simplest
method of measuring distances on the order of 10 cm is insertion of a rule into
the center of the tank. Measurement of the receiver position with this method
led to a propagation path length uncertainty on the order of 1 mm which
leads to measurement uncertainty on the order of the changes in sound speed
and attenuation being tested. Therefore, measurements of the time-of-flight
in water at the same receiver position as the sediment test were performed to
find the propagation distances. This was achieved by positioning the receiver
using the translation stage approximately 5 cm from the center of the acoustic
axis and fixing the position so no movement could occur between tests.
A simple typical method of determining the time-of-flight of a pulse is
to observe the arrival of its leading edge. [86] In this experiment, however,
since measurements were made far off the transducer resonance frequency and
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the medium displayed dispersion, the leading edge of the signal envelope of the
pulses were not consistent. Figure 5.12 shows the leading edges of three pulses
with different transmit frequencies. The leading edge of the 200 kHz pulse has
a duration at least three times as long as the 800 kHz pulse and the 500 kHz
pulse has a leading edge with a steeper slope. A leading edge amplitude-
threshold-crossing pulse arrival metric was used, an error of approximately 4%
in speed of sound would be generated.
Instead, the method outlined in Figure 5.9(b) was employed to deter-
mine the arrival of the desired frequency content. The time domain response of
the electronic part of the system, that is the system without the test medium
or transducers, was recorded by attaching the output of the power amplifier to
the input of the charge amplifier at a reduced transmit level for each test fre-
quency. Figure 5.13(a) shows a system response signal, Vsys (t), as well as the
received signals from each of the two transmitters, V1 (t) and V2 (t). In these
experiments, the receiver was always translated in the direction of transmitter
2 and, therefore, the time-of-flight will be shorter and the amplitude larger for
pulses originating from transmitter 2.
To find the arrival time of the two transmitted pulses, a convolution,
(f ∗ g) =
N∑
m=−N
f [m] f [n−m], (5.3)
of each received signal of N points with the system response
Hi (t) = Vi (t) ∗ Vsys (t) , (5.4)
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where i = 1, 2 was performed. The Hilbert Transform was then computed for
each signal using the following algorithm:
1. Calculate the FFT of the signal Hi (t) to form Hi (f).
2. Create a vector hi with
• 1 for i = 1, N/2 + 1
• 2 for i = 2, 3, ..., N/2
• 0 for i = N/2 + 2, ..., N
3. Calculate the element-wise product of H and h, G.
4. Calculate the inverse FFT of G and retain the first N elements.
This transform was automated using the MATLAB3 routine Hilbert.
The envelope of the result found using the magnitude of a Hilbert Trans-
form is shown in Figure 5.13 for both received signals. [87] Note that, despite
the edge characteristics of each pulse, the convolution displays one clear peak
for each pulse. The position of the maximum of each envelope defines the
arrival time of the center of each pulse, t′1 and t
′
2.
Though the arrival time of the center of the pulse was found, the on-
set time of each pulse is delayed. To find the delay, the magnitude of the
Hilbert Transform was found for the autocorrelation of the system response
shown in Figure 5.14(a) and normalized to produce the envelope shown in
Figure 5.14(b). Also shown are the onset tsys,1 and offset tsys,2 of the pulse
3www.mathworks.com
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determined by crossing a threshold of 0.5. The pulse duration of the system
response,
∆t′sys = tsys,2 − tsys,1, (5.5)
is the true duration of the transmitted pulse which differs from 100 µs duration
pulse produced by the function generator due to time delays in the electronic
filtering and recording system. Therefore, the constant time delay for Vi (t)
due to convolution with the system response is
∆tsys =
∆t′sys
2
+ tsys,1, (5.6)
or the time at the center of the system response pulse. Note the value of the
threshold was chosen for convenience; any value between 0.1 and 0.9 gives the
same ∆t′sys. Subtraction of this time delay from the signal arrivals produces
the true delay time of the pulse,
ti = t
′
i −∆tsys, (5.7)
for i = 1, 2. Without this correction, there is a frequency-dependent systematic
error of approximately ±5 m/s.
With knowledge of the temperature taken before each test, the speed of
sound in water, c0 was calculated using Equation F.3. Frequency dependent
propagation distances were calculated using these delay times using
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di (f) = c0ti,0 (f) , (5.8)
where ti,0 (f) is the time-of-flight in water measured at each transmit frequency.
Since no movement of transmitter or receiver was possible throughout the
subsequent granular media tests, d¯i, the average of di (f) across a range of
frequencies was used as the propagation distance between each transmitter-
receiver pair. Frequencies from 500 kHz to 900 kHz in 10 kHz steps were used
to calculate d¯i. Typical average distances were d¯1 = 0.22 m and d¯2 = 0.11 m.
The largest standard deviation in the distance measurement in any test was
0.22 mm giving rise to a measurement uncertainty of approximately 3 m/s.
5.5 Sediment Measurement Processing
Measurements of the sound speed and attenuation in the water-saturated sam-
ples described in Section 5.1 required knowledge of the relative transducer
calibration, αcal, and the propagation distances, d1 and d2, from the calibra-
tion measurements and water measurements respectively. The method used
to determine the speed of sound and attenuation is outlined in Figure 5.15.
Using the method outlined in Section 5.4, the time-of-flight through the water-
saturated granular medium, ti,sed, was found. Given knowledge of the distances
di, the speed of sound was calculated from the difference in arrival time, ∆tsed,
and the difference in distance, ∆d, from
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csed =
d1 − d2
t1,sed − t2,sed =
∆d
∆tsed
. (5.9)
The raw attenuation in the water-saturated samples was determined by
using the method outlined in Section 5.3 to produce αraw using
αraw (f) =
20
∆d¯
log10

∑ft+∆ft2
fn=ft−∆ft2
A2 (fn)∑ft+∆ft2
fn=ft−∆ft2
A1 (fn)
 . (5.10)
This measurement, however, does not take into account the relative calibration
αcal or the difference in spreading loss due to different propagation distances,
αspr.
To calculate the spreading loss over each propagation path, the on-axis
response of a circular piston in an infinite rigid baffle was considered. [88] This
approximation was used since the transmitter was circular in shape and was
seated in a housing approximately twice its diameter. The pressure amplitude
on-axis for this model is
P (r) =
∣∣∣∣−2j sin(k2 (√r2 + a2 − r)
)∣∣∣∣ , (5.11)
where k is the wavenumber, a is the radius of the piston, and r is the range
from the piston. The value of P (r) in Equation 5.11 is normalized by the
transmit pressure and has a maximum value of 1.
An example pressure amplitude as a function of distance is shown in
Figure 5.16(a) for the transducer radius in this experiment, a = 9.5 mm, and
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transmit frequency ft = 200, 500, and 800 kHz. Note that, at ranges less than
r = 0.01, 0.03, and 0.05 m respectively the amplitude response contains nulls
in the field. If a receiver were present in these nulls, a reduced pressure would
be observed. The Rayleigh Distance RR =
1
2
ka2 defines the farfield of the
transducer where the pressure field begins to fall off as 1/r. For wavelength
λ, the Fresnel Parameter RF = a
2/λ defines the distance at which the last
pressure maximum occurs, the end of the nearfield. The Rayleigh distance for
the transmitters in water for this experiment ranged from 3.8 cm to 17.1 cm
and the Fresnel Parameter ranged from 1.2 cm to 5.4 cm for excitations from
200 kHz to 900 kHz. Since the minimum propagation distance used in these
measurements was 10 cm, all measurements were outside the nearfield (r >
Rf ), but not all measurements were in the farfield (r > Rr).
The ratio of the amplitudes calculated from Equation 5.11 was calcu-
lated for each propagation distance d¯i and transmit frequency ft. The relative
spreading loss converted to dB/m is
αspr (f) =
20
∆d¯
log10
∣∣∣∣P2 (f)P1 (f)
∣∣∣∣ . (5.12)
Figure 5.16(b) shows results of this calculation for d1 = 0.22 m and d2 =
0.11 m, typical measurement distances for this study, along with the relative
1/r spreading loss. A deviation of less than 0.2 dB between farfield 1/r spread-
ing and the piston response is apparent at low frequencies, but as frequency
is increased, a difference of 6.0 dB is observed. Therefore, the measurement
would underpredict the attenuation by as much as 6 dB/m at high frequencies.
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Note that although 6 dB/m might sound large, it is actually small relative to
the attenuation levels being measured, which are on the order of 100 dB/m.
To find the intrinsic free-field speed of sound of the test material, both
the relative transducer calibration and relative spreading loss were removed
from the raw attenuation using
αsed = αraw − αspr − αcal, (5.13)
where αraw is the attenuation calculated from the sediment pulses using Equa-
tion 5.2, αspr is the relative spreading loss calculated in Equation 5.12, and
αcal is the relative receive amplitude of the two transducer pairs converted
to dB/m. [57] A comparison of the relative strengths of αraw, αsed, αcal, and
αspr are shown in Figure 5.17. Note that αspr reduces the overall value of the
attenuation and αcal increases the high frequency response for this calibration.
5.6 Analysis and Results
Sound speed and attenuation data for the ten samples described in Section 5.1
were collected. Multiple realizations of each sample were created by mixing
the sample by hand, as discussed in Section 5.2.3. The sound speed and atten-
uation versus frequency for each realization of a given sample were compared
to determine the statistical relationship between the measurements. From this
comparison, some realizations were excluded from further processing due to
anomalous behavior. The remainder of the realizations for a given sample were
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averaged to produce a mean sound speed and attenuation curve representative
of the sample.
5.6.1 Statistical processing
A statistical correlation process was performed on the sound speed and atten-
uation calculated for each realization of a sample. The correlation between
realization i and realization j is defined as
Ri,j =
∑N
n=1 (ci,n − c¯i) (cj,n − c¯j)√∑N
n=1 (ci,n − c¯i)2
√∑N
n=1 (cj,n − c¯j)2
, (5.14)
where ci,n is the speed of sound for realization i at frequency index n and
N is the number of center frequencies, ft, tested. [89] The same relation was
used for attenuation values by replacing c with α. A correlation value of 1
represents two variables that are perfectly linearly dependent, a value of −1
denotes inverse dependence, and 0 denotes no linear relationship.
To compare correlation values for the various realizations, the mean
correlation of sample i with the other N − 1 samples,
R¯i =
∑
j 6=iRi,j
N − 1 , (5.15)
was computed. [89] A threshold of 0.52 was used as a pass/fail criterion for
each realization; if either the sound speed or attenuation mean correlation co-
efficient dropped below this threshold, the realization was not used for further
processing.
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The value of R¯i for the realizations of the Potters C sample are shown in
Figure 5.18 and are typical of the results for each sample. (a) and (b) show the
result of Equation 5.14 for each pair-wise realization comparison for speed of
sound and attenuation, respectively. The diagonal of each figure is uniformly
at 1 since each realization is in a linear relationship with itself. Row one and
column one of both sound speed and attenuation correlation coefficient matri-
ces show lower values than the rest of the matrix appear generally dissimilar
to the rest of the realizations.
Figure 5.18 (c) and (d) show the mean correlation coefficient for each
realization of speed of sound and attenuation. The mean is calculated using
only the off-diagonal elements for a given column of the matrices in (a) and
(b). Note that the mean correlation for the attenuation for realization one is
below the threshold and was not used in further analysis.
All realizations for the Potters C sample are shown in Figure 5.19. Black
circles denote the data from realizations 2 through 9 which were retained for
additional processing. The gray circles represent the data from realization
one which was discarded from the data set due to the low mean correlation
of the sound speed with the other realizations. Note that the speed of sound
has a large deviation from the rest of the dataset at low frequencies and a
less negative slope at high frequencies. Similarly, the low frequency attenua-
tion is greater than the remaining portion of the data set and has a negative
slope. This data clearly does not follow the same trends as the balance of
the realizations and its discard is warranted. The cause of this failure was
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likely the incomplete settling of the test material prior to initiating the first
measurement.
A summary of this statistical processing for all of the samples is shown
in Table 5.1. The values of N are the number of realizations measured for a
given sample in the raw column, whereas the refined value is the number of
those realizations remaining after the sifting process. The values of σc and σα
are the mean of the frequency-dependent standard deviations for the speed of
sound and the attenuation, respectively, for the N realizations of each sample.
All data for these tests are shown in Appendix E.3.
5.6.2 Sound speed and attenuation
The speed of sound and attenuation for the test samples are shown in Fig-
ures 5.20 through 5.29. The data remaining after the statistical processing
was averaged to produce the mean speed of sound and attenuation for each
sample. Mean standard deviations for the speed of sound and attenuation as
a function of frequency were computed. The 95% confidence interval is the
range of values that is 95% likely to contain the true value of the variable
being measured and is defined by
0.95 = Prob
(
X¯ − 1.96 σ¯X√
n
≤ X ≤ X¯ + 1.96 σ¯X√
n
)
, (5.16)
for mean standard deviation σ¯X , number of measurements of the variable n,
and X is c or α. [70] The mean c or α value at each frequency is represented by
a red circle. The mean standard deviation is shown as a black box and the 95%
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confidence interval as a grey box. In the figures, the solid and dashed blue
lines are the BICSQS (Section 2.1.2) and Biot-Stoll (Section 2.1.1) models,
respectively, plotted for the parameters in Tables F.2 though F.4. The solid
and dashed green lines are the BICSQS and Biot-Stoll models plotted for a
second set of parameters in Tables F.5 through F.7.
The purpose of showing the BICSQS model using two different sets of
model parameters arose from the inability for either model to account for the
trends in both the speed of sound and the attenuation simultaneously for all
of the samples. The Biot-Stoll model was unable to match either the trend of
the sound speed or attenuation for reasonable values of δ′′, the bulk loss term.
When this parameter was increased to 15× typical literature values, a match
with the general trend of the attenuation is observed. The BICSQS model was
able to follow the trends of the sound speed and the attenuation separately,
but only for different values of Ky, G0, fk, and fg.
Speed of Sound
Each of the sample materials exhibited different trends for the speed of sound.
Overall, nine of the samples exhibited negative dispersion and none exhibited
positive dispersion. The overall magnitude of the speed of sound was a strong
function of the porosity as discussed in Chapter 4.
The monodisperse bead samples exhibited markedly different disper-
sive behavior. Sound speed measurements on the PAE beads are reported in
Figure 5.20(a). This sample exhibited no dispersion. Both the BICSQS and
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Biot-Stoll models reasonably described the speed of sound. In contrast, the
PC sample in Figure 5.21(a) displays obvious negative dispersion. The Biot-
Stoll model is unable to account for this behavior, but the BICSQS model is
able to adequately match the dispersion.
Sound speed results for the mixtures of beads which are shown in Fig-
ures 5.22(a) through 5.26(a) demonstrate the effect of adding larger scatterers
into an otherwise effective-behaving medium. As the concentration of the
larger beads is increased, a larger amount of negative dispersion is apparent.
Also, the Biot-Stoll model nearly agrees with the measured speed of sound
for the P91 mixture and performs increasingly poorly as the concentration of
C beads is increased. The BICSQS model, in contrast, is able to match the
general trend of the speed of sound for each of the concentrations.
The speed of sound for the PAV sand reported in Figure 5.27(a) demon-
strates the largest amount of negative dispersion. The Biot-Stoll model is un-
able to match the trend in sound speed, but the BICSQS model follows the
trend of the data well.
The two samples composed of the Port Aransas Sand, the PAD and PAS
samples, are shown in Figures 5.28(a) and 5.29(a). With no shells present, the
sand exhibits little negative dispersion; with the introduction of shell hash,
the dispersion is increased. The Biot-Stoll model is able to match the trend
in the speed of sound for the base sand, but the speed of sound in the sand-
shell mixture is not well described due to the presence of additional negative
dispersion. The BICSQS model matches the trend in speed of sound for both
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samples.
The speed of sound was quantitatively analyzed to determine the com-
parative strength of the dispersion for each of the samples. To determine the
amount of dispersion, or the sound speed anomaly, for each sample, the dif-
ference in low and high frequency speed of sound was calculated. As shown in
Figure 5.30(a), an average of the speed of sound from 200 kHz to 400 kHz for
each sample was calculated to represent the low-frequency behavior, and the
high frequency behavior was determined by averaging the speed of sound from
780 kHz to 820 kHz. The difference in these values is presented in Figure 5.31.
The standard deviation of the sound speeds used in each average was also
calculated and is shown as an error bar.
For the beads with the smallest grain sizes, the PAE sample, there is
almost no negative dispersion. As the concentration of the PC beads in the
mixtures is increased, the sound speed anomaly increases at the rate of 5 m/s
to 10 m/s per 10% increase in concentration. The monodisperse PC beads
demonstrate nearly double the sound speed anomaly as the P55 sample.
The sand samples exhibit the same trends as the glass beads. The PAV
sand demonstrates the most negative dispersion at approximately −150 m/s.
This material has the largest mean grain size and the widest grain size distribu-
tion, both of which influence this trend. The PAD sample has approximately
the same mean grain size and grain size distribution as the PAE sample and
exhibits slightly more dispersion (10 m/s vs. 5 m/s). This difference may
be attributed to the slightly larger mean grain size of the PAD sample. The
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PAS sample, the PAD sample plus shell hash, produces a larger sound speed
anomaly than the PAD sample. The anomaly for the PAS sample is in line
similar to the anomaly for the P91 sample. Despite a lower concentration of
inclusions, the larger relative size of the shell hash compared to the PC beads
creates the same effect.
Attenuation
Each sample exhibited a different trend in the measured attenuation. The
main metric for comparison of the attenuation for each sample is the fre-
quency dependence of the attenuation coefficient. A regression analysis of the
attenuation coefficient will be presented following a short discussion of the
measured attenuation coefficient values presented in Figures 5.20(b) through
5.29(b).
The attenuation measured for the PAE monodisperse beads demon-
strates very little change in the frequency dependence as a function of fre-
quency as shown in Figure 5.20. The green dashed line, the Biot-Stoll model,
follows the trend of the measured sound speed well, but only for values of δ′′
that are far higher than values typically reported in the literature. In compar-
ison, the shape of the attenuation is also followed by the BICSQS model, as
shown with the solid greed line, which captures more of the low and high fre-
quency shape of the attenuation curve. Note that neither of the curves shown
in blue for model parameters which cause agreement with the measured speed
of sound follow the magnitude nor the frequency dependence.
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In contrast, the PC sample exhibits a dramatic shift in frequency de-
pendence of the attenuation coefficient near 650 kHz as shown in Figure 5.21.
The Biot-Stoll model, shown as dashed lines, matches the overall trend of the
data for large values of δ′′, but for reasonable values the attenuation falls short
of the measured values. In contrast, the BICSQS model overpredicts the at-
tenuation and does not follow the frequency trend for the material properties
used to match the trend in speed of sound (blue solid line), but matches both
the magnitude and the changing frequency dependence for other values of the
shear modulus, bulk relations frequency, and shear relaxation frequency (solid
green line).
As PC beads are introduced and increased in concentration with respect
to the PAE beads, neither the low nor high frequency values of the attenuation
change markedly from their values near 30 dB/m and 200 dB/m respectively,
as shown in Figures 5.22 through 5.26. The shape of the attenuation curves,
however, change; the slope of the high frequency portion of the attenuation
becomes more steep as the concentration is increased. Due to the changing
shape of the attenuation curve from a nearly straight line to a distinct curve,
the Biot-Stoll model shown as a dashed green line achieves an increasingly
poor fit with the shape of the data, but the magnitude and general trend
can be captured for very large δ′′. The BICSQS model, however, is able to
accommodate the changing shape.
The PAV sand sample shown in Figure 5.27 demonstrates a larger high-
frequency dispersion than the other samples at approximately 300 dB/m. The
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Biot-Stoll model is able to capture the behavior of the low-frequency portion
of the model curve, but does not capture the behavior of the high-frequency
portion. The BICSQS model shown in green is able to match the behavior of
the attenuation curve across the entire frequency band.
The PAD sand sample in Figure 5.28 exhibits a nearly identical atten-
uation as the PAE beads in Figure 5.20. Both stretch from 40 dB/m at low
frequencies to 150 dB/m at high frequencies and follow a nearly linear relation-
ship with respect to frequency. As with the PAE beads, the Biot-Stoll model
shown as the dashed line is able to capture the trend in attenuation whereas
the BICSQS model in green is able to follow the shape of the attenuation more
closely.
A quantitative analysis of the frequency dependence of the attenuation
coefficient was performed to determine its low frequency, high frequency, and
broadband behavior. A linear regression was performed on the attenuation
versus frequency in log space in the 250 kHz to 500 kHz band, the 600 kHz to
850 kHz band, and the 250 kHz to 850 kHz band for these regimes, respectively.
The slope of the best fit line is the frequency dependence of the attenuation
across a given frequency band. The low and high frequency regression lines
for the PC sample are shown in Figure 5.30(b).
Results of the regression analysis are shown in Table 5.2 and Figure 5.32.
The sample abbreviation is plotted versus the calculated attenuation exponent
for the full range (blue circles), low frequency range (red squares) and high
frequency range (black triangles). Error bars represent the mean standard
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deviation of the residuals from the regression.
In general, the low-frequency attenuation exponent falls between ap-
proximately 0.5 and 1. This is consistent with the predictions of the Biot-Stoll
model which predicts an exponent of 0.5. The broadband exponent is less
predictable, falling between 0.5 and 2.0. The high frequency exponent lies
between 1.0 and 3.5 for all of the samples. Specifically, note that the high
frequency attenuation coefficient follows as f 1.0 to f 1.25 for the most homoge-
neous (PAE, P91, PAD, PAS) cases. As the concentration of larger particles
is added to the PAE sample, the attenuation coefficient generally increases in
frequency dependence to nearly 3.5 at the 50/50 mixture. The pavestone sand
sample with the largest mean grain size and widest grain size distribution also
demonstrates a large frequency dependence at nearly 3.0. The samples with
a high proportion of large grains are approaching the f 4 regime predicted by
scattering models. [45]
One note on both the speed of sound and attenuation measurements
is the appearance of a dip in the vicinity of 650 kHz. Though this appears
like a resonance in the spectrum, no physical dimension of the experimental
apparatus is on the order of a half wavelength at this frequency, 1 mm. The
source of this phenomenon could be a pocket of fluid formed around either a
transmitter or the receiver, though no concrete evidence of this pocket can be
observed with the current apparatus.
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5.7 Conclusion
A comparison of the correlation coefficients for the sound speed and attenua-
tion between each pair of samples is shown in Figure 5.33 as calculated using
Equation 5.14. In both (a) and (b) the diagonal is uniformly one indicating
that each sample has a precisely linear relationship with itself. In (a), it is clear
that the speed of sound in sample PAV differs greatly from the other samples.
Coincidentally, this sample also has the most broad grain size distribution and
demonstrated the largest amount of negative dispersion. Also, for the PAE
through PC samples, for a given test material, as the distance from the di-
agonal grows, the linearity of the relationship between the two samples goes
down. This says explicitly that the greater the difference in concentrations of
large vs small beads in a given sample, the less similar the sound speed will
be between those samples. Similar trends can be found in (b), though not as
drastic of a comparison can be made.
A time-of-flight apparatus was constructed to observe the speed of sound
and attenuation of acoustic waves propagating through both water-saturated
glass beads and sands. The speed of sound observed for the small grain sizes
appears nearly dispersionless and are consistent with continuum models, such
as Biot-Stoll and BICSQS, since the grain sizes are on the order of 15 per
wavelength at 900 kHz. For the samples containing larger grains, notable
dispersion occurred with the grain size approached 1/5 of a wavelength at
900 kHz. Similar trends were observed with respect to the attenuation; there
was little change in the frequency-dependence of the attenuation for the small
142
grained samples and a greater change in frequency-dependence for the larger-
grained samples as the parameter k0d¯ approached 1 signaling a transition to
a Rayleigh Scattering regime.
The measurements reported here, which are typical of many measure-
ments reported in the literature, show a high degree of variability between
realizations. This is because of the granular nature of these sediments, and
the fact that the grain microstructure changes with each realization. In the
real ocean bottom, the variability is due to spatial variation of the grain mi-
crostructure. Measurement of a large number of realizations of a given sed-
iment is necessary to reduce the uncertainty of the mean value of the sound
speed and attenuation of that material. Standard deviation and confidence
levels are proportional to N1/2, so 100 additional measurements would reduce
the uncertainty in the mean by an order of magnitude. It is important to note,
however, that in the real-world ocean environment, especially the littoral zone,
the amount of variation is of great importance. In many SONAR operations,
only a single or a handful of pings can be used for a particular sonar task, and
in such a scenario, the mean value may never actually be sensed. In such a
case, variability in sound speed and attenuation, as presented in this study, is
important.
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Figure 5.1: A schematic of the time-of-flight measurement apparatus with (a)
and without (b) the superstructure used to support the transducers. Machine
drawings of the mounting hardware and translation stage are included in Ap-
pendix G. Note that only one transmitter is visible; the other is not shown.
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Raw Refined
Sample N σc [m/s] σα [dB/m] N σc [m/s] σα [dB/m]
Potters AE 9 20.7 18.3 6 14.8 11.2
90% AE/10%C 12 17.8 31.2 11 17.8 28.6
80% AE/20%C 11 14.8 28.8 8 14.8 22.1
70% AE/30%C 12 26.6 24.6 11 13.3 24.6
60% AE/40%C 12 11.8 13.9 12 11.8 13.9
50% AE/50%C 13 16.3 25.2 11 14.8 23.4
Potters C 9 26.6 17.4 8 25.1 14.3
Pavestone Sand 9 74.0 25.3 9 74.0 25.3
Port Aransas Sand 9 13.3 25.8 9 13.3 25.8
96% Sand/4% Shell 9 13.3 36.0 5 10.4 20.3
Table 5.1: A summary of the statistical processing of the realizations for each
sample.
250-850 kHz 250-500 kHz 600-850 kHz
Sample Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.
Potters AE 0.94 0.03 1.12 0.02 1.32 0.03
90% AE/10%C 0.74 0.03 0.51 0.03 1.25 0.02
80% AE/20%C 1.63 0.03 1.70 0.04 1.55 0.02
70% AE/30%C 1.19 0.07 0.60 0.05 2.14 0.03
60% AE/40%C 1.81 0.09 0.99 0.09 2.86 0.02
50% AE/50%C 0.93 0.06 0.57 0.04 2.34 0.03
Potters C 0.62 0.10 0.53 0.04 3.32 0.07
Pavestone Sand 1.26 0.08 0.66 0.06 2.97 0.04
Port Aransas Sand 0.78 0.05 1.11 0.03 1.06 0.04
96% Sand/4% Shell 1.07 0.04 1.21 0.05 1.09 0.03
Table 5.2: A summary of the regression analysis performed on the attenuation
measurements to find the frequency dependence of the attenuation coefficient.
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Figure 5.2: A photograph of the time-of-flight test apparatus.
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Figure 5.3: (a) A photograph of the transmitter bracket. A schematic of the
bracket can be found in Appendix G. (b) A photograph of the translation
mechanism. The brass screw is collinear with the steel rail and is not visible
in the photograph.
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Figure 5.4: A schematic diagram of the time-of-flight measurement apparatus.
The acoustic signal is produced by the function generator and passed through
the power amplifier before exciting the transmitter (Tx). The signal is received
at the hydrophone (Rx) and passes through the charge amplifier and bandpass
filter before arriving at the DAQ for recording and the oscilloscope for viewing.
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Figure 5.5: The effect of passing a typical 800 kHz signal through the Krohn-
Hite Filter is shown. The blue curves represent the unfiltered signal in the time
and frequency domains whereas the red curve represents the filtered signal.
The filtering process removes low frequency content and increases the signal
peak by 6 dB to 10 dB relative to the other frequency content in the signal.
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Figure 5.6: A flowchart of steps used in capturing (a) and processing (b) data
in the calibration measurements.
150
200 250 300 350
−0.4
−0.2
0
0.2
0.4
Time [µs]
A
m
pl
itu
de
 [V
]
200 300 400 500 600 700 800 900 1000
−120
−100
−80
−60
−40
−20
Frequency [kHz]
M
ag
ni
tu
de
 [d
B
 re
 1
V
]
Tx1
Tx2
a)
b)
Figure 5.7: Typical 900 kHz pulses from a pair of transmitters in a calibration
test. (a) shows the time domain signal and (b) shows the frequency domain
signal. Note the onset and offset transients at 220 µs and 320 µs, respectively.
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Figure 5.8: A schematic of the position of the transducers within the time-of-
flight apparatus. (a) shows the receiver equidistant from and on the acoustic
axis of both transmitters. (b) shows the receiver on the acoustic axis of both
transmitters but located closer to one transmitter than the other.
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Figure 5.10: Typical filtered time and frequency domain 900 kHz signals re-
ceived from both transducer paths through water. The amplitudes in (a) are
normalized by the maximum value of the highest-amplitude signal. (b) shows
the frequency spectrum of both signals in decibels re 1 V. The red signal am-
plitude at the 900 kHz transmit frequency is approximately 23 dB higher than
the blue signal amplitude. Both signals have significant frequency content con-
tributions in the 500 kHz to 800 kHz band due to the resonance characteristics
of the transducers.
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Figure 5.11: Results of the windowing process described in Section 5.3 on the
waveforms in Figure 5.10 are shown. In (a), the portion of the time waveform
denoted by the dark color has a flat envelope for both received signals whereas
the full signal has onset and offset transients visible in the dimmed traces. In
(b), the frequency spectra of the retained portion of the signals are shown in
the dark colors and the frequency spectra of the unwindowed signals are shown
in the dimmed colors. The windowing process produces a broader peak at the
transmit frequency but reduces the frequency content due to the transducer
resonance by more than 20 dB at 600 kHz for both signals.
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Figure 5.12: Typical envelopes for the frequency-dependent arrival of the
acoustic pulses normalized by the max of the envelope at any oneft. The
blue curve represents the onset envelope for a 200 kHz signal, the red curve a
500 kHz signal, and the black curve an 800 kHz signal. An error in the speed of
sound measurement of approximately 4% would occur if the arrival time alone
was used. Therefore, the correlation technique described in Section 5.2.3 was
used to find the arrival time of the pulses.
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Figure 5.13: Typical 200 kHz time domain pulses are shown in (a). The black
curve is the system response (without the transducers and without acoustic
transmission) and the red and blue curves are the received signals through wa-
ter with a receiver spacing of 10 cm. (b) shows the envelope of the convolution
of the red and blue time domain signals with the system response.
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Figure 5.14: A typical system response with no transducers present in the
electrical circuit is shown in (a). (b) depicts the autocorrelation of the sys-
tem response signal with the system delay times tsys,1 and tsys,1 described in
Section 5.4.
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Figure 5.16: The pressure on the axis of a piston with a radius equivalent
to the transmit transducers (a = 9.5 mm) is shown. (a) shows the result of
Equation 5.11 for 200, 500, and 800 kHz as a function of distance from the
transducer face. (b) shows the difference in amplitude of Equation 5.11 as a
function of frequency for propagation distances of 11 and 22 cm in blue and
spherical 1/r spreading in red.
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Figure 5.17: The relative magnitude of the spreading loss, transducer calibra-
tion, and raw and intrinsic attenuation coefficient are show. The red squares
show the relative calibration of the two transmitter-receiver pairs described in
Section 5.3. The black exes are the losses due to the spreading and nearfield
effects of the transmitters calculated using Equation 5.11 for the distance cal-
culated at each frequency. The blue circles are the raw attenuation values
calculated using Equation 5.2 for one realization of the PAV sample. The
cyan crosses represent the raw attenuation corrected for both the spreading
loss and the relative transducer calibration using Equation 5.13.
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Figure 5.18: The correlation coefficients of the PC sample for each realization
with respect to each other realization are shown in (a) for speed of sound
and (b) for attenuation. The mean correlation for each realization for sound
speed is shown in (c) and attenuation in (d). The attenuation correlation for
realization 1 in (d) falls below the threshold of 0.52, therefore realization 1 was
not used in further processing.
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Figure 5.19: Speed of sound and attenuation measurements for all nine real-
izations of the PC sample are shown. Gray points represent the realization
discarded after statistical processing and black points represent the realizations
retained. Note the difference in the behavior of the gray and black points.
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Figure 5.20: Mean speed of sound and attenuation for Potters AE Beads
(PAE). A total of nine realizations were interrogated, six are used in the mean
value calculations. Black boxes denote the standard deviation and gray boxes
denote the 95% confidence interval for sound speed and attenuation at each
frequency. Solid lines denote the BICSQS model and dashed lines denote the
Biot-Stoll model. Blue lines denote material properties from Table F.3 and
green lines denote material properties from Table F.6.
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Figure 5.21: Mean speed of sound and attenuation for the PC bead sample. A
total of nine realizations were interrogated, eight are used in the mean value
calculations. Black boxes denote the standard deviation and gray boxes denote
the 95% confidence interval for sound speed and attenuation at each frequency.
Solid lines denote the BICSQS model and dashed lines denote the Biot-Stoll
model. Blue lines denote material properties from Table F.3 and green lines
denote material properties from Table F.6.
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Figure 5.22: Mean speed of sound and attenuation for the 90% PAE/10% PC
bead mixture (P91). A total of twelve realizations were interrogated, eleven
are used in the mean value calculations. Black boxes denote the standard
deviation and gray boxes denote the 95% confidence interval for sound speed
and attenuation at each frequency. Solid lines denote the BICSQS model and
dashed lines denote the Biot-Stoll model. Blue lines denote material properties
from Table F.4 and green lines denote material properties from Table F.7.
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Figure 5.23: Mean speed of sound and attenuation for the 80% PAE/20% PC
bead mixture (P82). A total of eleven realizations were interrogated, eight
are used in the mean value calculations. Black boxes denote the standard
deviation and gray boxes denote the 95% confidence interval for sound speed
and attenuation at each frequency. Solid lines denote the BICSQS model and
dashed lines denote the Biot-Stoll model. Blue lines denote material properties
from Table F.4 and green lines denote material properties from Table F.7.
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Figure 5.24: Mean speed of sound and attenuation for the 70% PAE/30% PC
bead mixture (P73). A total of twelve realizations were interrogated, eleven
are used in the mean value calculation. Black boxes denote the standard
deviation and gray boxes denote the 95% confidence interval for sound speed
and attenuation at each frequency. Solid lines denote the BICSQS model and
dashed lines denote the Biot-Stoll model. Blue lines denote material properties
from Table F.4 and green lines denote material properties from Table F.7.
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Figure 5.25: Mean speed of sound and attenuation for the 60% PAE/40% PC
bead mixture (P64). A total of twelve realizations were interrogated, twelve
are used in the mean value calculations. Black boxes denote the standard
deviation and gray boxes denote the 95% confidence interval for sound speed
and attenuation at each frequency. Solid lines denote the BICSQS model and
dashed lines denote the Biot-Stoll model. Blue lines denote material properties
from Table F.4 and green lines denote material properties from Table F.7.
169
100 300 1000
1.0
1.1
1.2
1.3
Frequency [kHz]
c s
ed
/c
0
100 300 1000
10
30
100
300
Frequency [kHz]
α
 [d
B
/m
]
Figure 5.26: Mean speed of sound and attenuation for the 50% PAE/50% PC
bead mixture (P55). A total of thirteen realizations were interrogated, eleven
are used in the mean value calculations. Black boxes denote the standard
deviation and gray boxes denote the 95% confidence interval for sound speed
and attenuation at each frequency. Solid lines denote the BICSQS model and
dashed lines denote the Biot-Stoll model. Blue lines denote material properties
from Table F.4 and green lines denote material properties from Table F.7.
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Figure 5.27: Mean speed of sound and attenuation for the PAV sand sample.
A total of nine realizations were interrogated, nine are used in the mean value
calculations. Black boxes denote the standard deviation and gray boxes denote
the 95% confidence interval for sound speed and attenuation at each frequency.
Solid lines denote the BICSQS model and dashed lines denote the Biot-Stoll
model. Blue lines denote material properties from Table F.2 and green lines
denote material properties from Table F.5.
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Figure 5.28: Mean speed of sound and attenuation for the PAD sand sample.
A total of nine realizations were interrogated, nine are used in the mean value
calculations. Black boxes denote the standard deviation and gray boxes denote
the 95% confidence interval for sound speed and attenuation at each frequency.
Solid lines denote the BICSQS model and dashed lines denote the Biot-Stoll
model. Blue lines denote material properties from Table F.2 and green lines
denote material properties from Table F.5.
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Figure 5.29: Mean speed of sound and attenuation for the 96% PAD/4%
crushed shell sample. A total of nine realizations were interrogated, five are
used in the mean value calculations. Black boxes denote the standard de-
viation and gray boxes denote the 95% confidence interval for sound speed
and attenuation at each frequency. Solid lines denote the BICSQS model and
dashed lines denote the Biot-Stoll model. Blue lines denote material properties
from Table F.2 and green lines denote material properties from Table F.5.
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Figure 5.30: An example of the sound speed anomaly and regression analysis is
shown. (a) depicts the speed of sound for the PC sample. Blue circles indicate
the values used in the calculation of the sound speed anomaly and red circles
indicate the mean of the corresponding blue values. The subtraction of the
sound speeds represented by the red circles is the sound speed anomaly. (b)
shows the attenuation data for the PC sample. Blue circles are the attenuation
values used in each regression and the red lines correspond to the regression
lines through the blue points. The slope of the red lines are the low and high
frequency dependence of the attenuation coefficient.
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Figure 5.31: The sound speed anomaly is plotted for each sample. Error bars
represent the standard deviation of the points used to calculate the low and
high frequency speed of sound.
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Figure 5.32: Results of the regression analysis on the low frequency, high
frequency, and broadband attenuation coefficient for each sample. Error bars
represent the standard deviation of the residuals from each regression.
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Figure 5.33: The correlation coefficient between the sound speed of each sam-
ple (a) and attenuation of each sample (b) is presented. A value closer to 1
indicates more similar behavior.
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Chapter 6
Conclusions
One of the primary goals of this work was to obtain sound speed and attenua-
tion measurements in granular sediments across as wide a frequency range as
possible, to compare with various models that can predict significantly differ-
ent behavior on opposite ends of the frequency spectrum. This was achieved
through the use of three different techniques, described in Chapters 3, 4, and
5. Sound speed and attenuation measurements were obtained as a function
of porosity with the subset of data collected in the fluidized bed apparatus
(Chapter 4).
The measurements obtained with the resonator tube apparatus, pre-
sented in Chapter 3, were performed in the 0.5 kHz to 5 kHz frequency range.
The speed of sound was inferred from resonance frequencies measured using
a transfer function measurement and an appropriate acoustic model. System-
atic errors in the sound speed measurements due to the finite impedance of
the waveguide walls and due to the source coupling were corrected using the
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models and procedures described in Chapter 3. Values for attenuation were
calculated by finding the quality factor for each of the resonance frequencies
and by applying corrections for various systematic losses.
The fluidized bed apparatus was used to measure the speed of sound
and attenuation in artificial glass bead sediments as a function of frequency
and porosity, as described in Chapter 4, with a porosity range of 0.37 to 0.44
and a frequency range of 300 kHz to 800 kHz. A Fourier phase technique
was used to measure relative sound speed and attenuation in comparison to
distilled water. The measurements were then corrected for systematic errors
relating to the experimental geometry and transducer coupling effects using a
circuit model. The results were presented as a function of both frequency and
porosity.
Chapter 5 describes time-of-flight measurements performed on recon-
stituted sand and glass bead sediments in the 200 kHz to 900 kHz frequency
range. Using a pulsed ultrasound technique, the speed of sound and attenua-
tion were determined by comparing signals received from two transmitters at
different distances from a common receiver. The sound speed was determined
by dividing the difference in propagation distance for the transmitter/receiver
pairs by the arrival time of the acoustic pulses. Attenuation was determined
by comparing the amplitude of the same two received pulses at the transmit
frequency. The attenuation measurements were corrected for the differences
in transducer calibrations and for relatively small deviations from far field be-
havior. Sound speed and attenuation results for seven bead samples and three
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sand samples were presented.
Many laboratory studies have investigated packed sediments.[48,50,81]
In this work, we focused on sediments that were settled naturally, to mimic
those found in the upper layers of the ocean bottom after disruption by a
storm, tides, or currents, and also like sediments around a recently buried
mine. The sediments used in the resonator tube (Chapter 3) and the time-of-
flight measurements (Chapter 5) settled only under the influence of gravity for
3 minutes, after which additional natural settling time no longer changed the
sound speed. Similarly, sediments in the fluidized bed measurements were not
mechanically packed, but manipulated only by the porosity control technique
previously described in Chapter 4.
6.1 Data Comparison
A nondimensionalization [90] of the frequency and the attenuation was per-
formed to facilitate a global comparison of the measurements previously pre-
sented. The speed of sound was already nondimensionalized, but replotting
using the nondimensionalized frequency axis previously mentioned. Nondi-
mensionalization in this manner is a means to compare the behavior of differ-
ent sediment samples with widely varying grain size statistics. Specifically, this
method compares the size of an average grain in a sample to the wavelength of
the incident acoustic wave. This method is used frequently in the discussion
of scattering phenomena where kd = 1 denotes the transition from continuum
mechanics to a scattering regime and where the acoustic wavelength becomes
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approximately equal to the grain size.
Figure 6.1 shows the speed of sound and attenuation measurements for
all of the samples. Blue curves denote models plotted for material proper-
ties from the sound speed column of Table 6.1 and are best-fit lines for the
sound speed through the low and high frequency sand samples. Green curves
denote models plotted for material properties from the attenuation column
of Table 6.1 and are best-fit lines for the attenuation of the low and high fre-
quency sand samples. These lines are provided for comparison because neither
the Biot-Stoll model nor the BICSQS model could simultaneously predict the
speed of sound and attenuation. Since the Biot-Stoll and BICSQS models do
not use the grain size distribution as an explicit input, only one grain diam-
eter could be considered to nondimensionalize the model curves. The grain
diameter used for nondimensionalization of the model curves is that of the
Quikrete sample (QUI) due to the similarity of grain size statistics with the
data in Reference 91.
As with all of the original data reported in this work, the speed of
sound and attenuation of the acoustic waves is not well modeled by either
the Biot-Stoll or the BICSQS model simultaneously. Note, however, that the
BICSQS model is able to capture the speed of sound behavior of the sand from
Chapter 3 and the sands from Chapter 5 simultaneously across three orders
of magnitude in kd whereas the Biot-Stoll model does not.
Also, note that the attenuation is well described by the Biot-Stoll
model in a gross sense. If particular attention is paid to individual data sets
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and/or material types, the Biot-Stoll model does not predict any of the slope-
steepening that occurs around kd = 1. The BICSQS model shown in green
is able to capture the difference in slope, however the corresponding speed
of sound prediction does not appear to describe any of the measurements.
Though the models are designed to simultaneously describe both speed of
sound and attenuation for a single set of model parameters, this was not
found to be the case in the measurements reported here. Instead, different
model parameters are needed to fit either the attenuation or the sound speed
independently.
To compare the most similar materials over as wide a frequency range
as possible, Figure 6.2 shows just the resonator (QUI) and sand time-of flight
(PAV, PAD, PAS) data from Chapters 3 and 5 respectively. The QUI sample
has a larger mean grain size than the PAV sample, but these samples have
similar material properties and the two widest grain size distributions (the
largest variability) of the samples tested. Without the other data present, it is
clear that the speed of sound measurements on the sand samples can be well
modeled by the BICSQS model. Different material properties, however, are
required as BICSQS model inputs to achieve agreement between attenuation
measurement and prediction, but the change in the frequency dependence of
the attenuation coefficient at kd = 1.
To gain a more global view of the sound speed and attenuation mea-
surements in these experiments, the data presented in Figure 6.1 is compared
to the composite sound speed and attenuation data presented in Figures 12
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and 13 of Reference 91. Figures 6.3 and 6.4 show the results of the SAX99 and
SAX04 experiments as well as several other measurement locations. The sym-
bols associated with the SAX experiments are actually the mean values of a
wide range of measurements. The error bars denote the expected deviation of
the mean across all of these experiments, not the range of the measurements.
The range of sound speed variation is much larger, as much as ±3% (±45 m/s)
and the attenuation varies by as much as half of an order of magnitude, hence
the error bars on the SAX measurements are not directly comparable to the
error bars on the measurements presented in this work since they represent
different things. [106]
Figure 6.3 shows that the speed of sound derived from the resonator
measurements is greater than most of the other data, but the lower bound
of these sound speeds follow the trend of the model curve. The sand sample
used in the resonator measurements is similar to that of the SAX99 sediment,
however there are marked enough differences to possibly explain this devia-
tion. Over time, marine sediments begin to consolidate whereas our sample
was not allowed to compact. This, coupled with the large range of measure-
ments reported for the SAX99 measurements, can explain the discrepancy in
the sound speed between the literature measurements and the measurements
reported in this study.
At high frequency (just above 100 kHz), the speed of sound for all the
glass bead sediments is greater than the data reported in Reference 91. Due to
the lower porosity found in the laboratory samples compared to typical poros-
183
ity values in situ, this difference is expected. The glass bead measurements
from the fluidized bed shown in purple are consistent with the reported sound
speed values since, unlike the mixtures, the porosity values are similar to the
in situ values. The low frequency resonator measurements from Chapter 3
have a faster speed of sound than the literature in situ test and the time-of-
flight measurements from Chapter 3 agree well with the model predictions for
the SAX99 experiment. Sands with similar properties to the SAX99 sediment
measured using the time-of-flight technique from Chapter 5 show agreement
in sound speed at 200 kHz and exhibit negative dispersion at higher frequen-
cies as predicted by the BICSQS model but then extend the measurement
frequency range by nearly a decade.
Attenuation measurements from Chapters 3 to 5 are compared to lit-
erature values in Figure 6.4. The resonator measurements denoted by black
dots are generally consistent with the literature attenuation values unlike the
corresponding data for sound speed. Around 200 kHz the measurements from
the fluidized bed and time-of-flight apparatus are consistent with the litera-
ture values, but have a notably stronger frequency dependence as frequency is
further increased. This is inconsistent with the model predictions from Refer-
ence 91, but is consistent with the predictions of the BICSQS model. As with
the sound speed measurements from the SAX99 study, the attenuation values
for the PAV sample match the literature values then extend the measurement
frequency range by nearly a decade.
In addition to in situ data, comparison to other laboratory experiments
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found in the literature is of interest. Figures 6.5 and 6.6 show measurements of
sound speed and attenuation performed by Kimura [81] compared to measure-
ments from Chapter 4. Kimura’s measurements on several sizes of glass beads
are shown as solid lines. The legend indicates bead size in mm. Measurements
from this work are shown as a collection of open circles for the P0120 and
P0230 glass beads. All measurements shown in Figures 6.5 and 6.6 are for a
porosity of 0.38.
The sound speed measurements in Figure 6.5 show an overall lower
speed of sound than that found by Kimura, but the amount of negative dis-
persion between the two sets of measurements is consistent. Specifically, over
the 300 kHz to 700 kHz frequency range, the P0120 beads with a mean grain
diameter of 289 µm display approximately 10 m/s of negative dispersion which
lies between that displayed by Kimura’s 192 µm sample which shows approx-
imately no dispersion and 451 µm sample which shows approximately 40 m/s
of negative dispersion. Over the same frequency range the P0230 beads with
a mean grain size of 549 µm displays 60 m/s of negative dispersion whereas
Kimura’s 451 µm sample shows approximately 40 m/s of negative dispersion
and 642 µm sample shows 80 m/s of negative dispersion.
Figure 6.6 shows attenuation measurements on the same materials shown
in Figure 6.5. Although there is scatter in the data from this work at low fre-
quencies, there is general agreement between the attenuation for the P0120
beads and Kimura’s 192 µm and 451 µm beads. Measurements from this
work, however, fall below the reported values of attenuation near 700 kHz.
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The larger P0230 beads have some scatter at low frequency, but as frequency
is increased, the attenuation emerges from between Kimura’s 451 µm and
642 µm glass beads.
The overall discrepancy in magnitude in the speed of sound could be
accounted for by the difference in analysis method between the Kimura paper
and this work. Specifically, no effort is made in Kimura’s study to account for
the finite thickness walls of his test apparatus nor any variation in the effect of
the acoustic load on each transducer. Also, the beads in this work were allowed
to settle only due to the force of gravity whereas Kimura’s beads were vibrated
and picked by a rod to form a dense bed. The difference in settling method
would increase the interaction of Kimura’s beads with the walls of his test
apparatus causing increased coupling between his sample and the apparatus
walls as well as potentially increasing coupling between his apparatus and test
sample. Due to the difference in settling methods, Kimura’s data is more
applicable to more consolidated sediments whereas the data from this work is
more applicable to a shallow water environment where the sands are constantly
disturbed by wave action.
Kimura also applied a nearly local approximation of the Kramers-Kronig
relationship to his data to determine the frequency dependence of the attenu-
ation coefficient. He found good agreement between the Kramers-Kronig cal-
culations and his measured attenuation values for all bead diameters. Though
it is beyond the scope of this study to examine these relationships, this is a
path for future exploration.
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If the discrepancy in overall speed of sound is set aside, the agreement in
the sound speed and attenuation measurements made in Kimura’s paper and
this study are consistent, though this study spans 100 kHz higher in frequency.
The sound speed measurements in this study exhibit negative dispersion which
follows the trend in negative dispersion set forth by Kimura’s data and fills
in gaps in the bead sizes he studied. The attenuation measurements in the
300 kHz to 700 kHz range again fill in gaps in the range of particle sizes Kimura
studied and follow the same trend in the frequency dependence of the attenu-
ation coefficient. Therefore, the measurements of sound speed dispersion and
attenuation for monodisperse beads interrogated using broadband ultrasonic
pulses analyzed using the Fourier phase technique presented in Kimura’s paper
and this work provide a clear trend to which models in development can be
compared for accuracy.
Multiple scattering is another mechanism proposed to account for neg-
ative dispersion and increased attenuation at high frequencies. A paper pub-
lished by Schwartz and Plona (SP) presents a model and measurements of
multiple scattering in unconsolidated suspensions.[45] Measurements of sound
speed and attenuation of 545 µm diameter glass and 275 µm diameter Plexi-
glas spheres in water in the 300 kHz to 2 MHz frequency range were obtained
using the Fourier phase technique. Their model for multiple scattering from
elastic spheres was derived using a quantum mechanical formalism based upon
a single site scattering operator acting upon a statistical arrangement of spher-
ical scatterers and predicts both negative dispersion and increased attenuation
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over the Biot-Stoll and BICSQS models. Relevant data from Chapter 4 will
be compared to those results, but it is beyond the scope of this dissertation to
compare the SP scattering model to all the measurement results presented in
Chapters 3 through 5.
Figures 6.7 and 6.8 reproduce Figures 1 and 2 of Reference 45 which
contain measurements and model predictions for sound speed anomaly (a) and
attenuation (c). Sound speed anomaly is defined as a deviation from a low
frequency reference sound speed, discussed further below. A note about the
nondimentionalization published in Figures 1 and 2 of the SP paper [45], which
reappears in Figures 6.7b and 6.8b of the present paper is in order. There is
a discrepancy between the values of kd derived from frequency, sound speed
and grain size reported in the SP text and the scaling shown in the figure.
Figures 6.7b and 6.8b present rescaled kd axes that correctly correspond to
the values of frequency, sound speed, and grain size reported in the text.
In Figures 6.7 and 6.8 the red dots are the measurements performed
by Schwartz and Plona, and the blue and green circles are the measurements
from Chapter 4 on the P0120 and P0230 samples, respectively, at the same
approximate porosity and grain size reported by Schwartz and Plona. The
low-frequency speed of sound used as the point of zero anomaly for the P0120
and P0230 beads in Figure 6.7 is an average of the data across the 300 kHz to
400 kHz frequency band. The solid lines and dashed lines are model predictions
from the SP model using the effective medium approximation (EMA) and
quasicrystalline approximation (QCA) respectively. The model curves were
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adapted from the Figures 1 and 2 in the SP paper.
As is evident in Figures 6.7a and c, the measurements performed in this
work agree well with the data and model trend presented by Schwartz and
Plona for both the glass bead and Plexiglas cases with a small but increasing
discrepancy when compared to the glass beads. At kd ≈ 2 this discrepancy
is approximately 1% of the measured speed of sound. Note that the rescaled
kd axis in Figure 6.7b displays a clear discrepancy between the measurements
from this monograph and those from the literature. With the corrected scaling,
the SP model clearly underpredicts the sound speed anomaly of the glass bead
sediment by an order of magnitude over the kd range in this study though the
negative trend is still present.
Figures 6.8a and c show the results of the attenuation measurements on
the P0120 and P0230 spheres compared to the literature results. At values of
kd ≤ 1 for the glass beads in Figures 6.8a and b there is a large discrepancy
between the attenuation measurements from Chapter 4 and both the exper-
imental and model predictions from the literature. At higher values of kd
the attenuation approaches that which is predicted by the scattering model.
Figure 6.8c shows good agreement of the measured attenuation in this mono-
graph with that from the literature. As in Figure 6.8a, as kd increases, the
measured attenuation approaches the model predictions. As with the sound
speed measurements, it is clear the rescaling of the kd axis in Figure 6.8 in-
creases the discrepancy between measured attenuation values in this study and
the reported values and models by an order or magnitude.
189
At values of kd > 1 there is simultaneous agreement between the SP
model for the Plexiglas beads and the data from this work. At lower values
of kd, however, there is a definite inconstancy between the attenuation mea-
surements and the model predictions. The BICSQS model predicts similar
behavior, but for different physical mechanisms. Due to the uncertainty due
to the axis scaling issue, whether it be due to a typographical error in the
text of the SP paper, or a mistake in the labeling of the axes in the SP figure,
no conclusion can be reached as to which model is able to better predict the
sound speed and attenuation in this idealized monodisperse sediment.
It is worth noting that neither the Schwartz and Plona study nor the
Kimura study attempt to observe inhomogeneity. Instead, both studies care-
fully packed their samples to obtain a homogeneous medium. In this study,
no effort was made to pack the sediment grains. The difference in packing
could also explain some of the difference between the present work and the
measurements reported by Kimura and Schwartz and Plona
6.2 Concluding Remarks
The three experiments in this work were designed to increase our understand-
ing of sound propagation in water-saturated marine sediments.
Low-frequency Speed of Sound and Attenuation
The resonator apparatus described in Chapter 3 was used to perform
sound speed and attenuation measurements at frequencies from 0.5 kHz to
10 kHz. This frequency range is not typically addressed in a laboratory set-
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ting due to the large quantity of sediment required to replicate techniques
normally used in the laboratory. Speed of sound measurements yielded values
of the phase speed that were generally larger than the predictions of the Biot-
Stoll and BICSQS models across the range of frequencies in this experiment.
Values of attenuation generally agreed with the model predictions, though
some variation about the model predictions is evident.
The author knows of no other laboratory measurements that utilize the
same or similar sediment samples that also span three orders of magnitude
in frequency. Therefore, basic time-of-flight measurements performed in the
20 kHz to 125 kHz range were conducted to span the range of frequencies of
interest in underwater acoustics with the same sand sediment. Sound speed
measurements yielded slight positive dispersion and general agreement with
both the Biot-Stoll and BICSQS models for the physical properties of this
sediment.
Sediment Porosity
Examination of specific model parameters in isolation is important to
help determine which parts of exisiting sediment propagation models are cor-
rect. A fluidized bed technique was used to explore the effect of sediment
porosity from 0.37 to 0.43 using artificial monodisperse glass bead sediments.
Measurements of sound speed yielded results in agreement with the BICSQS
model across the 300 kHz to 800 kHz frequency range. Predictions of the Biot-
Stoll model tracked tracked the overall change in measured speed of sound,
but could not capture the negative dispersion that was observed. Attenuation
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measurements were well described by the BICSQS model for small grain size,
but, as the grain size was increased, the model performed increasingly poorly.
Biot-Stoll predictions of attenuation were an order of magnitude below the
measured attenuation implying that the additional grain physics present in
the BICSQS model are necessary to predict the broadband behavior of a sedi-
ment. The porosity dependence of the speed of sound showed BICSQS model
able to describe the relative change in sound speed. Attenuation of waves as
a function of porosity were vastly underpredicted by the Biot-Stoll model and
overpredicted by the BICSQS model for equivalent material parameters.
Inhomogeneity of Sediment Grains
Though artificial sediments composed of monodisperse glass beads are
often used in laboratory experiments, the speed of sound and attenuation
of polydisperse mixtures of glass beads has rarely been studied. Similarly,
the effect of adding shell hash to an otherwise homogeneous laboratory sand
sediment is not present in the literature. A pulsed time-of-flight technique
was used to determine the acoustic properties of 2 monodisperse glass beads,
2 sands, 5 mixtures of the two monodisperse glass bead sizes, and 1 sand
containing 4% by volume of crushed shell for frequencies 200 kHz to 900 kHz.
At 200 kHz the measurements performed on the sand samples are con-
sistent with the time-of-flight measurements in Chapter 3. As frequency is
increased, however, negative dispersion is observed in the sound speed, most
notably for the broadest grain size distribution. Models can predict the speed
of sound and attenuation, though not simulatenaously for either model.
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The monodisperse glass bead samples displayed a marked difference in
behavior. The small diameter beads displayed approximately zero dispersion
whereas the large diameter beads displayed significant negative dispersion.
Attenuation measurements yielded similar results in that the attenuation for
the small bead size was much lower than the model predictions.
No systematic study of the effect of adding inhomogeneity to an other-
wise homogeneous material is available. In the same time-of-flight apparatus
mixtures of the two bead diameters was performed. As the concentration of
large glass beads relative to small glass beads increased, the speed of sound was
found to transition from the sound speed observed by the monodisperse small
sample to the values measured for the monodisperse large sample. In addition,
due to the increased packing efficiency of the binary bead mixtures relative to
the monodisperse beads, the speed of sound was observed to increase across all
test frequencies. As the concentration was increased, the amount of negative
dispersion also increased.
A natural beach sand which is approximately monodisperse was mixed
with 4% shell hash by volume. The sound speed and attenuation of this mix-
ture most closely resembles the 90% small bead, 10% large bead mixture with
respect to the quantitiy of negative dispersion and the freuqency dependence
of the attenuation coefficient. In all, the inclusion of 4% shell hash caused an
equaivalent variation in the speed of sound and attenuation equivalent to the
variation observed for 10% large glass beads by volume. The difference in the
strength of these two inclusions is due to the difference in grain morphology,
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both size and shape, of the shell particles.
Despite continued study for more than fifty years, this study indicates
that we still do not fully understand acoustic propagation in even idealized
water-saturated granular material, much less in the real ocean bottom sedi-
ments which are even more complex. This study has provided some additional
insight into how future modeling and measurement efforts might continue to
address this deficiency.
194
0.001 0.01 0.1 1
0.0001
0.001
0.01
0.1
kd
α
 d
Nondimensionalized Attenuation
0.001 0.01 0.1 1
1.0
1.1
1.2
1.3
kd
c s
ed
/c
0
Speed of Sound
Sands, Res.
Glass Beads, FB
Glass Beads, ToF
Sands, ToF
Biot−Stoll Model
BICSQS Model
Mixed Beads, ToF
Figure 6.1: Aggregate plot of all speed of sound and attenuation measurements
discussed in Chapters 3, 4, and 5. The nondimensional kd is the wavenumber
in water times the mean grain diameter for each sample. The sediment sound
speed is normalized by the speed of sound in water at the average temperature
of the measurements to which they are related. The attenuation is normalized
by the mean grain diameter of each sample. Blue curves denote models plotted
for material properties from the sound speed column of Table 6.1 and are
best-fit lines for the sound speed through the low and high frequency sand
samples. Green curves denote models plotted for material properties from
the attenuation column of Table 6.1 and are best-fit lines for the attenuation
of the low and high frequency sand samples. These lines are provided for
comparison because neither the Biot-Stoll model nor the BICSQS model could
simultaneously predict the speed of sound and attenuation.
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Figure 6.2: Aggregate plot of the speed of sound and attenuation measure-
ments for the sand samples. The nondimensional kd¯ is the wavenumber in
water times the mean grain diameter for each sample. The sediment sound
speed is normalized by the speed of sound in water at the average temperature
of the measurements to which they are related. The attenuation is normal-
ized by the mead grain diameter of each sample. Blue curves denote models
plotted for material properties from the sound speed column of Table 6.1 and
are best-fit lines for the sound speed through the low and high frequency sand
samples. Green curves denote models plotted for material properties from the
attenuation column of Table 6.1 and are best-fit lines for the attenuation of
the low and high frequency sand samples. These lines are provided for com-
parison because neither the Biot-Stoll model nor the BICSQS model could
simultaneously predict the speed of sound and attenuation.
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Figure 6.3: A plot of all speed of sound measurements from this work rep-
resented by the filled dots are compared to the measurements reported in
Reference 91 represented by the unfilled markers. The Biot-Stoll model curves
provided from Reference 91 are plotted for the range of material parameters
from the SAX99 (upper solid line) and SAX04 (lower dashed line) experiments.
The low frequency resonator measurements from Chapter 3 have a faster speed
of sound than the literature in situ test and the time-of-flight measurements
from Chapter 3 agree well with the model predictions for the SAX99 experi-
ment. Sands with similar properties to the SAX99 sediment measured using
the time-of-flight technique from Chapter 5 show agreement in sound speed at
200 kHz and exhibit negative dispersion at higher frequencies.
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Figure 6.4: A plot of all attenuation measurements from this work represented
by the filled dots are compared to the measurements reported in Reference 91
represented by the unfilled markers. The Biot-Stoll model curves provided
from Reference 91 are plotted for the range of material parameters from the
SAX99 (upper solid line) and SAX04 (lower dashed line) experiments. The at-
tenuation measurements from the low-frequency resonator apparatus in Chap-
ter 3 are in general agreement with the model predictions. Measurements on
sands similar to those in the SAX99 experiments using the time-of-flight ap-
paratus from Chapter 5 shown in red agree with the Biot-Stoll model plotted
for the material properties from the SAX04 experiment around 200 kHz. As
frequency is increased, the attenuation accelerates in growth and is no longer
predicted by the model.
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Figure 6.5: A plot of sound speed measurements from Chapter 4 on the P0120
(blue circles) and P0230 (red circles) beads at a porosity of 0.38 are compared
to measurements reported in Reference 81 represented by the solid lines. The
overall sound speed from this study is lower than the literature data, but the
expected trend in dispersion in consistent between the two datasets.
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Figure 6.6: A plot of attenuation measurements from Chapter 4 on the P0120
(blue circles) and P0230 (red circles) beads at a porosity of 0.38 are compared
to measurements reported in Reference 81 represented by the solid lines. The
attenuation below 700 kHz agrees well between this work and the literature.
Above 700 kHz the P0120 sample exhibits unexpected behavior but the P0230
sample demonstrates an increasing frequency dependence.
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Figure 6.7: Comparison of sound speed measurements from Chapter 4 on
P0120 (blue circles) and P0230 (green circles) beads at a porosity of 0.38 are
shown compared to model predictions (black lines) and data (red dots) from
Reference 45. In (a) and (c) the sound speed anomaly for glass and Plexiglas
beads is shown with the original kd axis. Due to an inconsistency in the
reference, (b) shows the kd axis for the reported values of k and d for the glass
spheres as they appear in the text. The sound speed anomaly trend matches
well for the original figure scaling, but the rescaled axis demonstrates a large
departure from the values measured in this study.
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Figure 6.8: Comparison of attenuation measurements from Chapter 4 on P0120
(blue circles) and P0230 (green circles) beads at a porosity of 0.38 are shown
compared to model predictions (black lines) and data (red dots) from Refer-
ence 45. In (a) and (c) the attenuation for glass and Plexiglas beads is shown
with the original kd axis. Due to an inconsistency in the reference, (b) shows
the kd axis for the reported values of k and d for the glass spheres as they
appear in the text. The attenuation trend matches the reported data well for
the original figure scaling, but the rescaled axis demonstrates a large departure
from the values measured in this study.
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Appendix A
Two-Medium Resonator Model
In the resonator tube described in Section 3.2 there are two separate and
discreet layers, water and water-saturated sediment. Measurement of the res-
onant spectrum of this tube will yield different characteristics than for a res-
onator containing a single homogeneous medium. A simple one-dimensional
model of the system with appropriate boundary conditions and effective fluid
layers was used to infer the waveguide phase speed inside the sediment layer.
The schematic shown in Figure A.1 shows the geometry of the model. In the
schematic, T denotes the position of the transmitting piston, L1 is the length
of the water layer, L2 is the overall length of the resonator, ρ1 and c1 are the
density and sound speed of medium 1 and ρ2 and c2 are the density and sound
speed of medium 2.
The goal of the model is to find the driving point impedance of the
transmitter, ZTM , the minima of which correspond to the resonances of the
system. The model consists of two fluids meeting at x = L1, pressure release
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boundaries applied at x = 0 and x = L2, and the transmitter at the interface
of the two media. In the case of the resonator in Chapter 3, medium 1 is water,
medium 2 is is water-saturated sediment, L2 = Lr, c1 is the sound speed in
water given by Equation F.3, and c2 are the measured sound speeds ctm,n.
Assuming an ejωt time dependence, consider the pressure in medium 1,
P (x, t) = A1e
jk1x +B1e
−jk1x, (A.1)
where A1 and B1 are undefined constants and k1 is the wavenumber in the
medium. Prescribing the P = 0 boundary condition at x = 0 gives
B1 = −A1, (A.2)
which, when applied to Equation A.1, simplifies to
P (x, t) = 2jA1 sin (k1x) . (A.3)
The particle velocity in medium 1 is
u (x, t) =
−1
ρ1
∫
∂P
∂x
dt = A1
2j
ρ1c1
cos (k1x) . (A.4)
Since this is a plane wave model, Z = P/u. Therefore, the impedance at
x = L1,
Z1 = jρ1c1 tan (k1L1) , (A.5)
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is the impedance imposed upon the transmitter due to medium 1. Similarly,
the impedance imposed upon the source due to medium 2 is
Z2 = jρ2c2 tan [k2 (L2 − L1)] . (A.6)
Therefore, the total driving point impedance seen by the source at x = L1 is
the sum of Equations A.5 and A.6,
ZTM = Z1 + Z2 = jρ1c1 tan (k1L1) + jρ2c2 tan [k2 (L2 − L1)] . (A.7)
Note that all parameters needed to calculate the model are known except for
the sediment sound speed. Therefore, to apply the data to the model, c2
is varied until a minimum in the impedance spectrum lies at the measured
resonance frequency, fn. The simplest initial guess used for iteration of the
model is the modal sound speed cwg,n. Once agreement of the model output
with the resonance frequency is obtained, the value of c2 used to satisfy the
model is deemed the waveguide phase speed in the sediment layer, cs,n.
Figure A.2 shows a zoomed example impedance spectrum produced by
Equation A.7. The dashed lines correspond to the peak frequencies found
from the acoustic spectrum of a two-medium tube. In this case, the chosen
model input sound speed c2 satisfies the model for the resonance frequency
denoted (a). No other resonance frequencies are aligned with their respective
impedance minima, therefore, for each of those frequencies, the sound speed
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must be iterated upon until alignment occurs, yielding a frequency-dependent
phase speed. A Matlab script for calculating this model and comparing it to
data is provided in Appendix H.
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Figure A.1: A schematic of the model to correct for a resonator containing
two material layers. In the present experiment, ρ1 and c1 correspond to the
water layer and ρ2 and c2 correspond to the sediment layer. The lengths
l1 and l2 correspond to the thickness of the water layer and length of the
system respectively. The transmitter (piston) is denoted T and the receiver
(hydrophone) is denoted R.
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Figure A.2: An graphical example of the correction procedure for the two-
medium tube model. The dashed red lines correspond to the resonance fre-
quencies from Figure 3.3 and the black lines represent a zoomed view of ZTM .
The section of the curves outlined in blue and denoted (a) are a solution to
the two-medium model since the resonance (minimum of impedance) of the
two-medium model corresponds to the resonance frequency observed in the
tube.
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Appendix B
Elastic Waveguide Model
In an elastic waveguide, deviation of phase speed for all propagating modes
relative to a rigid waveguide is observed. Of specific importance to this study
is the reduction in phase speed of the plane wave mode, cET0, relative to
the intrinsic sound speed of the fluid, c0. Therefore, a model of an elastic
waveguide is used to relate the measured in-waveguide phase speeds to the
intrinsic speed of sound in the test material.
A model for propagation of an axisymmetric wave in an inviscid fluid
in an elastic cylindrical waveguide was presented by Del Grosso. [92] Lafleur
and Shields made the work of Del Grosso more usable by giving intermediate
results. [65] Elements of both derivations are utilized in this discussion.
Figure B.1 shows the geometry of Del Grosso’s model. Since the walls
are steel and the surrounding fluid is air, it is sufficient to model only the
internal fluid and elastic walls, with a vacuum outside. Note that ρl and cl are
the density and intrinsic speed of sound in the enclosed fluid, ρw, cc, and ct
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are the density, compressional wave, and transverse wave speeds in the walls,
ν is Poisson’s Ratio for the wall material, b and d are the inner and outer radii
of the waveguide, r is the radial coordinate, and z is the axial coordinate.
To derive a relationship for the phase speed in the enclosed fluid, the
equations of motion in each of the media must be used. From Reference [65],
the equations for axial and radial particle displacement in the enclosed fluid
are
SLz (r, z, t) = jφ0q0mJ0
(
rX0m
b
)
ej(q0mz−ωt), (B.1)
SLr (r, z, t) = −
(
φ0X0m
b
)
J1
(
rX0m
b
)
ej(q0mz−ωt),
and in the wall are
SWz (r, z, t) = {jq0m [AJ0 (rPm) +BY0 (rPm)] (B.2)
+ Tm [CJ0 (rTm) +DY0 (rTm)]}ej(q0mz−ωt)
SWr (r, z, t) = {−Pm [AJ1 (rTm) +BY1 (rPm)]
− q0m [CJ1 (rTm) +DY1 (rTm)]}ej(q0mz−ωt),
where A, B, C, D, and φ0 are constants, Ji and Yi are Bessel functions of the
first and second kind, respectively, of order i,
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k0m =
ω
c0m
, kc =
ω
cc
, ks =
ω
ct
, kl =
ω
cl
, (B.3)
and
X0m = b
√
k2l − k20m, Pm = b
√
k2c − k20m, Tm = b
√
k2s − k20m. (B.4)
Additionally, the stresses in the elastic tube wall are
σrr = L
[
1
r
∂
∂r
(
rSWr
)
+
∂SWz
∂z
]
+ 2µ
∂SWr
∂r
, and (B.5)
σrz = µ
[
∂SWr
∂z
+
∂SWz
∂r
]
,
where µ = ρ2c
2
s is the shear modulus and L = 2µν/ (1− 2ν).
Del Grosso applied four boundary conditions to this problem. Since the
inviscid fluid assumption was made, two boundary conditions arise from the
vanishing tangential stress in the wall at both fluid-wall interfaces:
σrz|IIr=b = 0 (B.6)
σrz|IIr=d = 0.
The other two boundary conditions are constructed both from the continuity of
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pressure to radial stress at each fluid-wall boundary and from the continuity of
radial displacement at each boundary. Del Grosso combines the pressure and
displacement boundary conditions into two statements of equality of normal
impedance,
−σrr
SWr
∣∣∣II
r=b
= P
SLr
∣∣∣I
r=b
(B.7)
−σrr
SWr
∣∣∣II
r=d
= 0.
Note that I refers to the interior medium and II refers to the tube wall.
By applying these boundary conditions, four equations are found that
describe the motion in both the fluid and walls,
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A [jq0mPmJ1 (dPm)] +B [jq0mPmY1 (dPm)]
+ C [−EmJ1 (dTm)] +D [−EmY1 (dTm)] = 0 (B.8)
A [jq0mPmJ1 (bPm)] +B [jq0mPmY1 (bPm)]
+ C [−EmJ1 (bTm)] +D [−EmY1 (bTm)] = 0 (B.9)
A
[
EmJ0 (dPm) +
Pm
d
J1 (dPm)
]
+B
[
EmY0 (dPm) +
Pm
d
Y1 (dPm)
]
+ C
[
−jq0mTmJ0 (dTm) + j q0m
d
J1 (dTm)
]
+D
[
−jq0mTmY0 (dTm) + j q0m
d
Y1 (dTm)
]
= 0 (B.10)
A
[
EmJ0 (bPm) +
1 +Qmb
b
PmJ1 (bPm)
]
+B
[
EmY0 (bPm) +
1 +Qmb
b
PmY1 (bPm)
]
+ C
[
−jq0mTmJ0 (bTm) + jq0m1 +Qmb
b
J1 (bTm)
]
+D
[
−jq0mTmY0 (bTm) + jq0m1 +Qmb
b
Y1 (bTm)
]
= 0 (B.11)
where
Em = k
2
0m − k2s/2 and Qm =
ρlω
2bJ0 (X0m)
2ρwc2sX0mJ1 (X0m)
. (B.12)
Note that Equations B.8 and B.9 use Equation B.3 to satisfy Equation B.7
and Equations B.10 and B.11 use Equation B.2 converted to pressure and
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Equation B.3 to satisfy Equation B.8.
To determine the sound speed within the waveguide, the nontrivial so-
lution to the matrix equation formed from Equations B.8-B.11 must be found.
By setting the determinant to zero, an analytic solution,
0 = 1 + L11 (Pm)L00 (Tm)
(
pi2k20mbdP
2
mT
2
m
8E2m
)
+L11 (Tm)L00 (Pm)
(
pi2bdE2m
8k20m
)
+ [L10 (Pm)L01 (Tm) + L01 (Pm)L10 (Tm)]
(
pi2bdPmTm
8
)
+ [bL11 (Pm)L10 (Tm) + d (1 +Qmb)L11 (Pm)L01 (Tm)]
×
(
pi2P 2mTm
8Em
− pi
2P 2mk
2
0mTm
8E2m
)
+ [bL11 (T11)L10 (Pm) + d (1 +Qmb)L11 (Tm)L01 (Pm)]
×
(
pi2PmEm
8k20m
− pi
2Pm
8
)
+ (1 +Qmb)L11 (Tm)L11 (Pm)
(
pi2P 2m
8k20m
+
pi2P 2mk
2
0m
8E2m
− pi
2P 2m
4Em
)
,(B.13)
is found using the definition
Lmn (y) = Jm (dy)Yn (by)− Jn (by)Ym (dy) , (B.14)
to collect terms. In Lafleur and Shields’ paper (Reference 65) there are mul-
tiple errors in their Equation 4d in the coefficients of B and D, however the
errors were not present once converted to the dispersion relation, their Equa-
tion 5. These errors are corrected here in Equation B.11 and Equation B.13
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is verbatim. These errors have been explored in detail by Baik et al. [93]
An example dispersion curve for a water filled steel pipe of the same
parameters as the resonator tube in Chapter 3 is shown in Figure B.2. The
solid lines represent the permissible phase speeds as a function of frequency
for an elastic tube. Of importance to this study is the dispersion in the lowest
order plane wave mode, ET0, in the elastic tube. It is the dispersive behavior
of the ET0 mode that must be taken into account to determine the intrinsic
liquid sound speed and, since a planar piston is used for excitation, the higher
order modes are suppressed. [94]
A matlab script utilizing Equation B.13 to find the permissible phase
speeds in a cylindrical elastic waveguide is included in Appendix H. Using
this script, an iterative method was used to find the intrinsic sound speed of
the sample inside the resonator. Note that all of the input parameters to the
model are known except for the intrinsic liquid sound speed. Therefore, as
described in Section 3.6, once the sound speed within the waveguide, cwg, was
found, the intrinsic sound speed of the internal fluid was varied until the ET0
phase speed predicted by the model agreed with the measured cwg within the
waveguide. Once agreement between the model and data was achieved, the
intrinsic sound speed used as the input to the model was deemed the intrinsic
sound speed, c0 for the liquid within the tube.
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Figure B.1: A schematic of the model geometry used to correct for elastic
waveguide effects.
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Figure B.2: Model dispersion curves for water in a stainless steel waveguide
identical in properties to the tube used in the present experiment filled with
fresh water. The vertical axis is the phase speed for the water-bound modes
within the waveguide normalized by its intrinsic sound speed. The ET0 (plane
wave) mode corresponds to the mode excited and exploited in this work. Pri-
marily due to the planar piston excitation, all the other modes are supressed
sufficiently to be ignored.
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Appendix C
Water Degassing Apparatus
Removing dissolved gas from the water used in the experiments discussed in
Chapters 3 through 5 was necessary to aid in removal of air entrained by the
sediment grains and to prevent bubbles from coalescing out of solution. To
remove gas from water, the vapor pressure must be raised so the fluid can
support less dissolved gas. To raise the vapor pressure, the temperature of the
water must be raised or a vacuum must be formed at the surface of the water.
In either case, the vapor pressure within the water becomes greater than that
of the surrounding medium and gas begins to fall out of solution and diffuse
through the surface of the liquid.
The large-scale vacuum-driven degassing apparatus shown as a schematic
Figure C.1 and in a photograph in Figure C.2 was created out of the necessity
for large amounts (40 L) of degassed water. In this device, a vacuum is formed
in a capped piece of clear 8 inch Schedule 40 pipe (21.9 cm OD, 20.3 cm ID,
1.21 m length) filled with bio balls. These spherical objects are 3.8 cm in
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diameter and have the equivalent of 4.1 m2 of surface area and are placed
inside the tube to maximize the amount of surface area available at which gas
exchange can occur. Supporting the bio balls is 0.63 cm thick perforated PVC
plate with 1.2 cm diameter holes.
Below the vacuum section of the degassing vessel is second capped sec-
tion of clear PVC pipe 1.21 m in length. This portion of the system serves as
a reservoir for the water undergoing the degassing process. The two halves of
the degassing vessel are connected by two pipe flanges fastened with bolts and
fitted with a rubber gasket to ensure a vacuum-tight seal.
Both end caps contain fittings screwed into tapped holes. In the base,
there is a fitting to allow water to be pumped out of the reservoir using a
circulation pump. In the top cap, there are three fittings: a vacuum release ball
valve, an inlet for water, and a connection for the vacuum pump. The vacuum
release ball valve assembly contains a threaded connection for a Fluke Model
PV-350 Pressure/Vacuum gage for use in determining the overall vacuum in
the chamber. On the interior of the vessel, the inlet connection is attached to
a shower head which is used to diffuse the water over the surface of the bio
balls.
Attached to the exterior of each fluid fitting is wire-reinforced PVC
tubing running to a series of diversion valves which allow water to be circulated
within the closed system or pumped into or out of the system. On the input
side of the valves is a GE GXWH40L water filter containing a GE FXHSC
30 micron filter with a bypass valve which can be activated when using distilled
220
water.
The vacuum system is designed to allow control over the amount of
vacuum supplied at any time to optimize the performance of the system. A
JB DV-142N vacuum pump is connected through a manual vacuum regulator
to the top of the degassing vessel. The amount of vacuum allowed in the tube
must be adjusted periodically throughout the degassing cycle to prevent cavita-
tion within the circulation pump. Cavitiation within the pump causes damage
to the pump over time as well as decreasing the fluid flow, and, therefore, the
efficiency of the apparatus. For this vessel containing a full complement of
water, the vacuum regulator was increasingly opened to a vacuum of -15, -22,
and -30 mmHg at approximately 10 minute intervals. If at any time the flow
of water ceased due to cavitation within the circulation pump, the regulator
was closed to lessen the vacuum to a point where circulation resumed.
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Figure C.1: A schematic of the degassing apparatus is shown. Water is added
and removed from the apparatus the series of diversion valves. Once inside
the device, water is transported from the reservoir to the top of the apparatus
using the circulation pump and diffused through the shower head over the top
surface of bio balls through which it filters back to the reservoir. The vacuum
is created with a vacuum pump connected to the top of the filter portion of
the apparatus to prevent intake of water into the pump.
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Figure C.2: A photograph of the degassing apparatus is shown. Solid arrows
denote visible items in the photograph and dashed arrows indicate the location
of items not in view.
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Appendix D
Transducer Loading
Figure D.1 shows the phase of the measured electrical input impedance of one
of the RESON TC3029 transducers when attached to the fluidized bed filled
with water and filled with water-saturated glass beads. There is as much as
a 30 degree phase difference between these two cases. A phase shift of this
magnitude results in a variation of sound speed up to ±5 m/s. This variation
corresponds to the rms variation in sound speed observed in the fluidized bed
measurements.
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Figure D.1: The frequency-dependent phase of the input impedance for a
RESON TC3029 transducer attached to a fluidized bed is shown. The blue
and red curves represent the input impedance for the same transducer when
the sample holder is filled with water and glass beads respectively. As much
as a 30 degree phase difference is observed.
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Appendix E
Compiled Data
E.1 Low Frequency Regime – Resonator Tube
Measurements
Table E.1 is a compilation of all data for the Quikrete Play Sand recorded
using the resonator apparatus described in Chapter 3.
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Frequency Speed of Sound Attenuation
Hz m/s dB/m
463.5 1642 1.02
799.5 1775 0.77
826.5 1653 2.28
1280.5 1742 2.96
1293.5 1675 1.01
1650.5 1703 3.95
1685.5 1732 4.24
2057.5 1698 2.16
2063.5 1719 1.54
2456.5 1756 2.62
2471.5 1737 2.02
2836.5 1731 1.90
2858.5 1806 2.72
3284.5 1802 1.07
3288.5 1780 2.20
3654.5 1783 2.39
3658.5 1782 0.96
4054.5 1780 1.12
4441.5 1765 1.39
Table E.1: All sound speed and attenuation data for the Quikrete Play Sand
derived from the resonator presented in Chapter 3.
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E.2 Effect of Porosity – Fluidized Bed Mea-
surements
Figures E.1 to E.6 are a compilation of all data recorded using the fluidized
bed apparatus described in Chapter 4. Note that this is raw data; the model
described in Section 4.2 has not been applied to this data.
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Figure E.1: All speed of sound and attenuation versus frequency data for the
P0060 sample recorded using the apparatus and procedures in Chapter 4.
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Figure E.2: All speed of sound and attenuation versus porosity data for the
P0060 sample recorded using the apparatus and procedures in Chapter 4.
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Figure E.3: All speed of sound and attenuation versus frequency data for the
P0120 sample recorded using the apparatus and procedures in Chapter 4.
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Figure E.4: All speed of sound and attenuation versus porosity data for the
P0120 sample recorded using the apparatus and procedures in Chapter 4.
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Figure E.5: All speed of sound and attenuation versus frequency data for the
P0230 sample recorded using the apparatus and procedures in Chapter 4.
233
0.36 0.40 0.44
1.0
1.1
1.2
1.3
Porosity
c s
ed
/c
0
Potters P0230 Beads
0.36 0.40 0.44
10
30
100
300
Porosity
A
tte
nu
at
io
n 
[d
B
/m
]
Figure E.6: All speed of sound and attenuation versus porosity data for the
P0230 sample recorded using the apparatus and procedures in Chapter 4.
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E.3 High Frequency Regime – Time-of-Flight
Measurements
This appendix is a compendium of all data recorded using the apparatus and
procedures in Chapter 5. In each figure, (a) and (b) are the correlation co-
efficients for each realization compared to each other realization for speed of
sound and attenuation, respectively. (c) and (d) are the mean of each column
of the correlation coefficient matrix. If the mean, not including the diagonal
value, is below a threshold of 0.52, the data set was discarded. (e) and (f)
show all of the calculated speed of sound and attenuation data, respectively.
The black circles indicate data kept for future processing whereas gray circles
indicate data discarded from future processing.
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Figure E.7: All speed of sound and attenuation data for the PAE sample
recorded using the apparatus and procedures in Chapter 5.
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Figure E.8: All speed of sound and attenuation data for the P91 sample
recorded using the apparatus and procedures in Chapter 5.
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Figure E.9: All speed of sound and attenuation data for the P82 sample
recorded using the apparatus and procedures in Chapter 5.
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Figure E.10: All speed of sound and attenuation data for the P73 sample
recorded using the apparatus and procedures in Chapter 5.
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Figure E.11: All speed of sound and attenuation data for the P64 sample
recorded using the apparatus and procedures in Chapter 5.
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Figure E.12: All speed of sound and attenuation data for the P55 sample
recorded using the apparatus and procedures in Chapter 5.
241
1 2 3 4 5 6 7 8 9
1
2
3
4
5
6
7
8
9
1 2 3 4 5 6 7 8 9
1
2
3
4
5
6
7
8
9
1 2 3 4 5 6 7 8 9
0
0.5
1
1 2 3 4 5 6 7 8 9
0
0.5
1
100 300 1000
1.0
1.1
1.2
1.3
Frequency [kHz]
c s
ed
/c
0
100 300 1000
10
30
100
300
Frequency [kHz]
A
tte
nu
at
io
n 
[d
B
/m
]
a) b)
d)c)
e) f)
Figure E.13: All speed of sound and attenuation data for the PC sample
recorded using the apparatus and procedures in Chapter 5.
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Figure E.14: All speed of sound and attenuation data for the PAV sample
recorded using the apparatus and procedures in Chapter 5.
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Figure E.15: All speed of sound and attenuation data for the PAD sample
recorded using the apparatus and procedures in Chapter 5.
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Figure E.16: All speed of sound and attenuation data for the PAS sample
recorded using the apparatus and procedures in Chapter 5.
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Appendix F
Physical Properties of Test
Materials
For a complete understanding of the materials interrogated in the three ex-
periments presented in Chapters 3 through 5, and to accurately compare mea-
sured sound speed and attenuation values to the models, good knowledge of
the material properties of each sample are required. A grain size analysis and
micrographs of each sample are shown in Figures F.1 through F.17 and all
other physical properties of the samples are described in Section F.1.1.
F.1 Determination of Physical Properties
As many laboratory measurements of the physical properties of the materials
were desired to mitigate uncertainty in model predictions. The density and
size distribution of the grains and the porosity and permeability of the frame
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were empirically measured. The sound speed, density, viscosity, and bulk
modulus of water was inferred from temperature measurements coincident with
each experiment. The pore size of the frame, tortuosity, and low frequency
grain size were inferred from other measurements. The bulk modulus of the
grains, interstitial film thickness, and bulk and log decrements were taken from
tabulated values. The frame bulk modulus difference, shear modulus, and
bulk and shear relaxation frequencies were fit parameters with values guided
by Reference 25.
F.1.1 Elastic Grain Properties
Density, ρs
A Gay-Lussac Flask was used to determine the specific gravity of a 0.1 kg
amount of each of the sample materials. For a Gay-Lussac Flask of known
mass and volume, Mgl and Vgl, the specific gravity ρs of a sample is
ρs =
Ms
Vgl −Mw/ρw , (F.1)
where Ms the known mass of the sample being tested, ρw is the density of
water at the experimental temperature, and
Mw = MT −Mgl −Ms, (F.2)
where MT is the total mass of the flask containing the sample and water.
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Bulk Modulus, Ks
The bulk modulus of glass spheres was determined from Reference 59. Using
the measured density of the glass samples, it was determined that the glass
composition was closest to the tabulated values for 35% Na2O glass. The
tabulated values for bulk modulus of this type of glass were used.
Sand from Port Aransas, Texas was studied extensively in Reference 76.
The composition of the sand was 86% common quartz, so the mean bulk
modulus for quartz from Reference 55 was used. In addition, though other
impurities were present in the other sand samples, quartz grains dominate, so
the same value of grain bulk modulus was used for all sand samples.
F.1.2 Water Properties
Speed of Sound, c0
The temperature was measured coincidentally with each acoustic measurement
and Equation 5.6.8 of Reference 67 was used to determine the water sound
speed. For completeness, the equations are
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akf = 15.9 + 2.8Tkf + 2.4T
2
kf
c1kf = 1402.7 + 488Tkf − 482T 2kf + 135T 3kf
c2kf = akfPkf
c0 = c1kf + c2kf ,
(F.3)
where Tkf is the temperature in
◦C divided by 100 and Pkf is the gauge pressure
in bars divided by 100. This equation is valid for pressures between 0 and 200
bar and for temperatures 0◦C to 100◦C.
Density, ρf
The density of water as a function of temperature is taken from Reference 60.
Bulk Modulus, Kf
The bulk modulus of water was calculated using the values of density from
Reference 60 and speed of sound from Reference 67 using
Kf =
√
ρfc20. (F.4)
Viscosity, µf
The viscosity of water as a function of temperature is taken from Reference 60.
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F.1.3 Elastic Frame Properties
Grain Size, d
Grain size analysis was performed in accordance with ASTM Standard C136-
06. [95] Hand sieving was performed using sieves conforming to ASTM E11. [96]
Results of grain size analysis are presented in Figures F.1 to F.17
The grain size statistics are defined using the arithmetic method of
moments for the grain size distribution. [97] For dm defined as the diameter
at the midpoint of each bin, the mean grain size d¯ is defined as
d¯ =
∑
M%dm
100
, (F.5)
where M% is the percent by mass in the bins corresponding to the dm. The
standard deviation is defined as
σd =
√∑
M%
(
dm − d¯
)2
100
. (F.6)
Permeability, kp
Permeability of the test materials was performed with guidance of ASTM Stan-
dard D2434-68 using a Durham Geo Slope Indicator S-48090 constant head
sand/gravel permeameter. [98] The minimum density (0% relative density)
condition was selected since the unconsolidated sediment condition was being
tested acoustically.
There was deviation from this standard in two areas. First, the sam-
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ple was not evacuated using vacuum prior to the permeability test. Since
the purpose of evacuating the sample is to ensure all voids are filled with the
introduction of water, starting the test with thoroughly degassed specimens
satisfied this requirement. Second, incremental measurement of the perme-
ability in head increments of 0.5 cm was not performed. The purpose of the
incremental increase is to ensure laminar flow through the material. For these
materials, multiple flow rates were tested to ensure laminar flow, but the spac-
ing of the head increments was not as fine as 0.5 cm.
Calculated values of the permeability in the test materials are found in
Tables F.2 to F.4. Due primarily to time measurement resolution (0.1 s), the
measurement uncertainty in permeability for any sample is approximately 2%.
All values of permeability are consistent with those in the literature. [55,99]
Porosity, β
Porosity measurements for the samples in the fluidized bed were performed as
described in Section 4.1. All porosity measurements on the other homogeneous
materials (PAE, PC, QUI, PAV, and PAD) were performed using a wet-dry
density technique.
To obtain the unconsolidated porosity of a sample, six samples of each
material were tested. Graduated cylinders with a 100 ml capacity were filled
with samples of the water saturated material to a nominal volume, Vw, of 95 ml.
Any water at the top of the material column was removed and the temperature
of the sample was taken. The mass of the water saturated sediment-filled
251
cylinder, mw, was then recorded and the cylinders were placed in a laboratory
oven at 95◦C to dry.
To determine when a sample was dry, the mass of the graduated cylinder
was taken and the cylinder was placed back into the oven. When a subsequent
mass measurement taken no less than 15 minutes later recorded no change in
mass, the sample was determined to be dry.
Calculation of the porosity was found using the measured mass of the
dry sample-filled cylinder, md, compared to the mass of the wet sample-filled
cylinder. The volume of water in the initial sample was
Vf =
mw −md
ρf
, (F.7)
where ρf is the density of water at the measured temperature. The porosity
is, therefore,
φ =
Vf
Vw
. (F.8)
The values of porosity found for the PAE and PC samples are in line with
Reference 100 and the PAV and PAD samples are in line with Reference 55.
A different method was used to determine the porosity of the mixtures.
Since the materials used in the mixtures were monodisperse and had a narrow
grain size distribution, a model for the packing density of binary mixtures of
spheres was used. [101] This model has been used for mixtures of both spherical
and non-spherical particles.
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The porosity was found using
(
V − VlXl
Vs
)2
+2G
(
V − VlXl
Vs
)(
V −Xl − VsXs
Vl − 1
)
+
(
V −Xl − VsXs
Vl
)2
= 1
(F.9)
where G is the fit parameter defined by
1
G
=

1.355r1.566, r ≤ 0.824
1 r > 0.824,
(F.10)
where r = ds/dl, the ratio of small particle diameter to large particle diameter.
V , Vl, and Vs are defined by
Vi =
1
1− βi (F.11)
where βi is the porosity of the particle bed for the mixture (no subscript),
monodisperse large component (βl) and mondisperse small component (βs).
Since unconsolidated materials were tested, both monodisperse porosities were
taken to be 0.363, the measured porosity of the monodisperse PAE and PC
beads. The volume fraction Xl of large particles is defined by
Xl =
1− βl
1− βlβs , (F.12)
and Xs = 1−Xl.
The Quikrete sand sample was not tested for porosity. A value of 0.385
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was taken from the literature for a similar sand sample. [39]
Poisson Ratio, ν
The value for the Poisson Ratio of the frame for all model calculations was the
experimentally derived value of 0.15 taken from Bachrach et al. [102]
Half intergrain gap thickness, a1
For all samples the half gap thickness was calculated using
a1 =
(
1− 0.37
1− 0.38
) 1
3 d¯
2
(F.13)
from Reference 25.
Pore Size, ab
The pore size factor used is d¯/7 as suggested in Reference 24.
Tortuosity, cm
The tortuosity is
cm =
1
βn
, (F.14)
where n is
n =
log
[
36kpK0 (1− β)2 /
(
β3d¯2
)]
2 log β
, (F.15)
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and a value of 2 is used for the shape factor K0. [103]
Bulk Modulus Difference, Ky
The bulk modulus difference was used as a fit parameter in the BICSQS model.
A typical value is 6.5× 108. [25]
Low-frequency Bulk Modulus, K0
The low-frequency asymptotic bulk modulus is found using the standard rela-
tion for solids [104]
K0 =
2G0 (1 + ν)
3(1− 2ν) . (F.16)
Shear Modulus, G0
The shear modulus was used as a fit parameter for the BICSQS and Biot-Stoll
models. A typical value is 2.4× 107. [25,105]
Shear Specific Loss, δ′
The shear loss decrement is used as a fit parameter in the Biot-Stoll model.
Typical values range from 0.0049 to 0.194. [36,39,105] A nominal value of 0.172
is used in all Biot-Stoll model calculations.
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Bulk Specific Loss, δ′′
The bulk loss decrement is used as a fit parameter in the Biot-Stoll model.
Typical literature values range from 0.0049 to 0.154. [105] However, this range
of values is not adequate to capture the range of attenuation values measured
Chapters 4 and 5. Therefore, when models are compared to the measured
attenuation values, two curves will be presented: one using a nominal value of
0.15 and one using a value necessary to capture the behavior of the attenuation.
Bulk Relaxation Frequency, fk
The bulk relaxation frequency is used as a fit parameter in the BICSQS
model. [25]
Shear Relaxation Frequency, fg
The shear relaxation frequency is used as a fit parameter in the BICSQS
model. [25]
F.2 Description of materials
In total, one sand sample was tested in the resonator tube, three monodisperse
glass bead samples with different mean grain size of were tested in the fluidized
bed, and ten different samples, three types of sand and seven combinations of
glass beads, were tested in the time-of-flight apparatus. For each sample,
a grain size analysis was performed and micrographs captured. Figures F.1
256
through F.17 show the result of the analysis and sample micrographs for each
sample. Statistics of the grain size analysis for a base 2 lognormal distribution
are also discussed. [55]
F.2.1 Sands
Results of the grain size analysis described in Section F.1.3 and micrographs
of the sand samples are shown in Figures F.1 through F.7. The Pavestone
sand, Port Aransas sand, and Port Aransas sand/crushed shell mixture were
tested in the time-of-flight apparatus and the Quikrete sand was tested in the
resonator tube.
The Quikrete sand (QUI) was Play Sand obtained from a home im-
provement store and is described in Figure F.1. This sample has the largest
mean grain size of the sand samples as well as the largest standard deviation in
grain size distribution. For the lognormal distribution, this sediment is mod-
erately sorted, coarse-skewed, and extremely leptokurtic. Figure F.1(b) shows
the wide variety in grain sizes present in this type of sand. Figure F.1(c) shows
the subangular-subrounded semi-spherical grains composing this sample.
The Pavestone sand (PAV) was general purpose landscaping sand ob-
tained from a home improvement store and is described in Figure F.2. This
sample has a mean grain size somewhat smaller (larger φ) than the Quikrete
sand and with a smaller standard deviation. For the lognormal distribution,
this sediment is moderately well sorted, strongly coarse-skewed, and extremely
leptokurtic. Figures F.2(b)-(c) show the sediment fabric and the subangular-
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rounded semispherical grains respectively.
The Port Aransas sand (PAD) was obtained from the location shown in
Figure F.3 and is described in Figure F.4. From Reference 76, sands in this re-
gion are composed primarily of common quartz (89%), with some feldspar (9%)
and chert(2%). This sample has a mean grain size much smaller (larger phi)
than the Quikrete or Pavestone sands and with a narrow grain size distribu-
tion. For the lognormal distribution, this sediment is very well sorted, strongly
fine-skewed, and extremely leptokurtic. Figures F.4(b)-(c) show the sediment
fabric and the subrounded-rounded spherical grains respectively. This mate-
rial has a similar mean grain size and grain size standard deviation as the
Potters AE blasting media shown in Figure F.8.
The 96% Port Aransas sand/4%crushed shell mixture (PAS) is a com-
bination of the Port Aransas sand shown in Figure F.4 and the shells shown
in Figure F.5 which were a ’tiny assortment of shells’ obtained from Seashell
World1 and crushed by feeding whole shells to the gap between a revolving
abrasive wheel and an aluminum plate. THe crushed shell was sieved to ob-
tain the shell hash in Figure F.6. The grain size distribution and micrographs
for the sand-shell mixture are shown in Figure F.7. This sample has a mean
grain size much smaller (larger phi) than the Quikrete or Pavestone sands but
larger than that of the unmixed Port Aransas sand. Additionally, this sam-
ple is slightly bimodal with a clear mode visible at the same bin as the Port
Aransas sand and an additional mode visible as a low φ tail on the distribu-
1http://www.seashellworld.com/
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tion. Due to this tail, the standard deviation of this sample is slightly larger
than the Port Aransas sand, but still well below that of the other sands. For
the lognormal distribution, this sediment is moderately well sorted, strongly
coarse-skewed, and extremely leptokurtic. Figures F.7(b)-(c) show the sedi-
ment fabric and the subrounded-rounded spherical grains with angular shell
fragments respectively.
F.2.2 Glass Beads
The Potters AE blasting media (PAE) was purchased from Potters Inc. and
consists of soda-lime silica glass spheres. The grain size analysis and micro-
graphs of the material are shown in Figure F.8. This material has a similar
mean grain size and grain size standard deviation as the Port Aransas sand
shown in Figure F.4. The mean grain size is approximately 131 µm with a
small standard deviation in relation to the other test materials. For the log-
normal distribution, this sediment is very well sorted, strongly fine-skewed,
and extremely leptokurtic. Figures F.8(b)-(c) show the fabric of the artificial
sediment and the rounded spherical grains respectively.
The Potters C blasting media (PC) was purchased from Potters Inc.
and consists of soda-lime silica glass spheres. The grain size analysis and
micrographs of the material shown in Figure F.9. The mean grain size is close
to that of the Pavestone sand, but with a much smaller standard deviation in
grain size. For the lognormal distribution, this sediment is very well sorted,
strongly fine-skewed, and extremely leptokurtic. Figures F.9(b)-(c) show the
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fabric of the artificial sediment and the rounded spherical grains respectively.
The circles apparent in the center of the grains in Figure F.9(c) are a reflection
of the light source attached to the microscope through which the photograph
was taken.
Mixtures of the Potters AE and Potters C blasting media are shown in
Figures F.10 through F.14. Mixtures of 90% Potters AE/10% Potters C glass
beads by volume (P91) through 50% Potters AE/50% Potters C glass beads
(P55) with increments of 10% were constructed by combining the materials in
Figures F.8 and F.9 in the appropriate ratio using a 0.5 L scoop to measure
each component. Each of the grain size distributions in Figures F.10 through
F.14(a) are increasingly bimodal and have increasing mean grain diameters
(decreasing φ) and standard deviations as the concentration of Potters C beads
increases. For the lognormal distributions, these sediments are moderately
well to moderately sorted, strongly coarse-skewed to near symmetrical, and
extremely to very leptokurtic. Figures F.10 through F.14(b)-(c) show the
increase in relative concentration of the larger diameter particles.
The Potters P0060, P0120, and P0230 technical quality soda-lime sil-
ica glass spheres were purchased from Potters Inc. and are described in Fig-
ures F.15 through F.17. This material was sieved using finely graduated mesh
sieves to achieve a sharply unimodal grain size distribution. The P0060 spheres
have the smallest grain diameter of the samples tested in the fluidized bed,
the P0120 sample has the intermediate diameter, and the P0230 sample has
the largest diameter. For the lognormal distributions, these sediments are
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very well sorted, strongly fine-skewed, and extremely to very leptokurtic. Fig-
ures F.15(b) through F.17(b) show the fabric of the artificial sediments and
Figures F.15(b) through F.17(c) show the rounded spherical grains respec-
tively. Circles apparent in the grains in the micrograph are the reflection of
the light source attached to the microscope used to to capture the images.
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Figure F.1: Sample analysis for the Quikrete sand is shown. Plot (a) shows the
grain size distribution and mean grain size as described in Section F.1.3. The
bar chart shows the percentage of grains retained in the sieve corresponding to
each bin. The black curve is the cumulative percentage retained in the sieves
with respect to grain size φ. (b) and (c) are micrographs of the sample at
different levels of magnification.
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Figure F.2: Sample analysis for the Pavestone sand is shown. Plot (a) shows
the grain size distribution and mean grain size as described in Section F.1.3.
The bar chart shows the percentage of grains retained in the sieve correspond-
ing to each bin. The black curve is the cumulative percentage retained in the
sieves with respect to grain size φ. (b) and (c) are micrographs of the sample
at different levels of magnification.
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Figure F.3: The collection location for the Port Aransas sand sample in Port
Aransas, Texas is shown.
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Figure F.4: Sample analysis for the Port Aransas sand is shown. Plot (a) shows
the grain size distribution and mean grain size as described in Section F.1.3.
The bar chart shows the percentage of grains retained in the sieve correspond-
ing to each bin. The black curve is the cumulative percentage retained in the
sieves with respect to grain size φ. (b) and (c) are micrographs of the sample
at different levels of magnification.
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5 mm
Figure F.5: Sample analysis for the shells crushed to form the shell hash in
Figure F.6 is shown. Plot (a) shows the grain size distribution and mean grain
size as described in Section F.1.3. The bar chart shows the percentage of
grains retained in the sieve corresponding to each bin. The black curve is the
cumulative percentage retained in the sieves with respect to grain size φ. (b)
and (c) are micrographs of the sample at different levels of magnification.
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Figure F.6: Sample analysis for the crushed shell added to the Port Aransas
Sand is shown. Plot (a) shows the grain size distribution and mean grain
size as described in Section F.1.3. The bar chart shows the percentage of
grains retained in the sieve corresponding to each bin. The black curve is the
cumulative percentage retained in the sieves with respect to grain size φ. (b)
and (c) are micrographs of the sample at different levels of magnification.
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Figure F.7: Sample analysis for the 96% Port Aransas sand/4% crushed shell
mixture is shown. Plot (a) shows the grain size distribution and mean grain
size as described in Section F.1.3. The bar chart shows the percentage of
grains retained in the sieve corresponding to each bin. The black curve is the
cumulative percentage retained in the sieves with respect to grain size φ. (b)
and (c) are micrographs of the sample at different levels of magnification.
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Figure F.8: Sample analysis for the Potters AE blasting media is shown. Plot
(a) shows the grain size distribution and mean grain size as described in Sec-
tion F.1.3. The bar chart shows the percentage of grains retained in the sieve
corresponding to each bin. The black curve is the cumulative percentage re-
tained in the sieves with respect to grain size φ. (b) and (c) are micrographs
of the sample at different levels of magnification.
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Figure F.9: Sample analysis for the Potters C blasting media is shown. Plot
(a) shows the grain size distribution and mean grain size as described in Sec-
tion F.1.3. The bar chart shows the percentage of grains retained in the sieve
corresponding to each bin. The black curve is the cumulative percentage re-
tained in the sieves with respect to grain size φ. (b) and (c) are micrographs
of the sample at different levels of magnification.
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Figure F.10: Sample analysis for the 90% Potters AE/10% Potters C mix-
ture is shown. Plot (a) shows the grain size distribution and mean grain size
as described in Section F.1.3. The bar chart shows the percentage of grains
retained in the sieve corresponding to each bin. The black curve is the cumu-
lative percentage retained in the sieves with respect to grain size φ. (b) and
(c) are micrographs of the sample at different levels of magnification.
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Figure F.11: Sample analysis for the 80% Potters AE/20% Potters C mix-
ture is shown. Plot (a) shows the grain size distribution and mean grain size
as described in Section F.1.3. The bar chart shows the percentage of grains
retained in the sieve corresponding to each bin. The black curve is the cumu-
lative percentage retained in the sieves with respect to grain size φ. (b) and
(c) are micrographs of the sample at different levels of magnification.
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Figure F.12: Sample analysis for the 70% Potters AE/30% Potters C mix-
ture is shown. Plot (a) shows the grain size distribution and mean grain size
as described in Section F.1.3. The bar chart shows the percentage of grains
retained in the sieve corresponding to each bin. The black curve is the cumu-
lative percentage retained in the sieves with respect to grain size φ. (b) and
(c) are micrographs of the sample at different levels of magnification.
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Figure F.13: Sample analysis for the 60% Potters AE/40% Potters C mix-
ture is shown. Plot (a) shows the grain size distribution and mean grain size
as described in Section F.1.3. The bar chart shows the percentage of grains
retained in the sieve corresponding to each bin. The black curve is the cumu-
lative percentage retained in the sieves with respect to grain size φ. (b) and
(c) are micrographs of the sample at different levels of magnification.
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Figure F.14: Sample analysis for the 50% Potters AE/50% Potters C mix-
ture is shown. Plot (a) shows the grain size distribution and mean grain size
as described in Section F.1.3. The bar chart shows the percentage of grains
retained in the sieve corresponding to each bin. The black curve is the cumu-
lative percentage retained in the sieves with respect to grain size φ. (b) and
(c) are micrographs of the sample at different levels of magnification.
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Figure F.15: Sample analysis for the Potters P0060 technical quality glass
sphere sample is shown. Plot (a) shows the grain size distribution and mean
grain size as described in Section F.1.3. The bar chart shows the percentage
of grains retained in the sieve corresponding to each bin. The black curve is
the cumulative percentage retained in the sieves with respect to grain size φ.
(b) and (c) are micrographs of the sample at different levels of magnification.
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Figure F.16: Sample analysis for the Potters P0120 technical quality glass
sphere sample is shown. Plot (a) shows the grain size distribution and mean
grain size as described in Section F.1.3. The bar chart shows the percentage
of grains retained in the sieve corresponding to each bin. The black curve is
the cumulative percentage retained in the sieves with respect to grain size φ.
(b) and (c) are micrographs of the sample at different levels of magnification.
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Figure F.17: Sample analysis for the Potters P0230 technical quality glass
sphere sample is shown. Plot (a) shows the grain size distribution and mean
grain size as described in Section F.1.3. The bar chart shows the percentage
of grains retained in the sieve corresponding to each bin. The black curve is
the cumulative percentage retained in the sieves with respect to grain size φ.
(b) and (c) are micrographs of the sample at different levels of magnification.
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Parameter Sample
Category Name Symbol Distilled Water
Pore Fluid Density ρf [kg/m
3] 998.3
Bulk modulus Kf [GPa] 2.19
Viscosity µf [µPa·s] 1023
Temperature T [◦C] 19.3
Table F.8: Material Properties for water used to plot the Biot-Stoll and BIC-
SQS models. Descriptions of each material property are found in Section F.1.
Material Abbreviation Chapter
Quikrete Play Sand QUI 3
Potters P0060 Technical Glass Spheres P0060 4
Potters P0120 Technical Glass Spheres P0120 4
Potters P0230 Technical Glass Spheres P0230 4
Potters AE Blasting Media PAE 5
Potters C Blasting Media PC 5
Potters 90% AE/10% C Mixture P91 5
Potters 80% AE/20% C Mixture P91 5
Potters 70% AE/30% C Mixture P91 5
Potters 60% AE/40% C Mixture P91 5
Potters 50% AE/50% C Mixture P91 5
Pavestone Sand PAV 5
Port Aransas Sand PAD 5
Port Aransas Sand 96%/Shell Hash 4% PAS 5
Table F.9: Abbreviations for the materials studied in this monograph.
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Appendix G
Mechanical Schematics
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G.1 Resonator Piston
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Figure G.1: A mechanical schematic of the piston used as the transmitter in
the resonator tube experiment. The piston was made from aluminum.
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G.2 Time-of-Flight Transmitter Housing
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From This End
Side View Front View
Figure G.2: A mechanical schematic of the housing for the transmit trans-
ducers in the time-of-flight experiment. The housing was made of Type 304
Stainless Steel and was designed to screw into a standard NPT pipe thread.
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Figure G.3: A mechanical schematic of the housing for the transmit trans-
ducers in the time-of-flight experiment. The housing was made of Type 304
Stainless Steel and was designed to screw into a standard NPT pipe thread.
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Figure G.4: A mechanical schematic of the housing for the transmit trans-
ducers in the time-of-flight experiment. The housing was made of Type 304
Stainless Steel and was designed to screw into a standard NPT pipe thread.
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Figure G.5: A mechanical schematic of the flange bolted to the rear of the
housing for the transmit transducers in the time-of-flight experiment to fix
the transmit transducers in place. The flange was made of Type 304 Stainless
Steel and was designed to be flush with the back side of the transducer while
allowing an electrical connection to pass through the center.
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G.3 Time-of-Flight Transmitter Positioning Bracket
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Figure G.6: A mechanical schematic of the bracket used to fix angle of the
transmitter by allowing fine control over the position of the external pipe. The
bracket was made from aluminum and was designed to have blocks containing
inward-facing set screws attached to the inner bolt circle.
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G.4 Time-of-Flight Transmitter Assembly
Set Screw
Transducer Cable
Pipe Nipple
Anchor Plate
Tank Wall
Trasducer
Flange
Swivel Bulkhead
Rubber Gasket
O-ring
Transmitter Housing
Figure G.7: A schematic cross-section of the assembly of the transmitter hous-
ing and positioning system. The transducer is held in the housing (Figures G.2
through G.4) with two o-rings and a flange (Figure G.5) to ensure the trans-
ducer and housing are coaxial. The housing and a pipe nipple are fitted into
the swiveling bulkhead fitting. The pipe passes through a hole in the position-
ing bracket (Figure G.6) and is held in place with set screws.
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G.5 Time-of-Flight Receiver Mount
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Figure G.8: A mechanical schematic of the mount designed to hold the receiver
concentric with the vertical pipe positioned with the translation stage. The
mount was made from brass and contained o-ring grooves on the interior top
and bottom to hold the transducer in place as well as on the exterior top to
hold the fitting itself concentric with the pipe.
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Figure G.9: A mechanical schematic of the mount designed to hold the receiver
concentric with the vertical pipe positioned with the translation stage. The
mount was made from brass and contained o-ring grooves on the interior top
and bottom to hold the transducer in place as well as on the exterior top to
hold the fitting itself concentric with the pipe.
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Figure G.10: A mechanical schematic of the mount designed to hold the re-
ceiver concentric with the vertical pipe positioned with the translation stage.
The mount was made from brass and contained o-ring grooves on the interior
top and bottom to hold the transducer in place as well as on the exterior top
to hold the fitting itself concentric with the pipe.
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G.6 Time-of-Flight Positioning Stage
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Figure G.11: A mechanical schematic of the stage mounted to pillow blocks
and a screw drive. The stage was made from aluminum and contained slots
to allow bolts to pass through the bolt circle on the pipe flange used to hold
the receive transducer positioning pipe vertical.
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Appendix H
Matlab Code
H.1 Lafleur and Shields Model
Lmn.m
1 function [out] = Lmn(b,d,m,n,y)
2
3 % calculates quantity called Lmn from Eq. (5) in Lafleur
4 % & Shields, JASA 97(3), p1437
5 %
6 % Lmn(y)=Jm(dy)Yn(by)-Jn(by)Ym(dy)
7 %
8 % Inputs:
9 %
10 % m = index m
11 % n = index n
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12 % y = argument of function (can be array)
13 % b = inner radius of cylinder in paper
14 % d = outer radius of cylinder in paper
15 %
16 % Outputs:
17 %
18 % out = Jm(d*arg)*Yn(b*arg)-Jn(b*arg)*Ym(d*arg)
19 %
20 % where J and Y are Bessel functions of the
21 % first and second kind, resp.
22
23 out = besselj(m,y.*d).*bessely(n,y.*b)...
24 -besselj(n,y.*b).*bessely(m,y.*d);
LandS func.m
1 function [] = LandS func(C0m,freq,intmat,extmat,tube,temp,fignum)
2 % clear all
3 % close all
4
5 % Script to calculate phase speeds from L&S
6 %
7 % Maps out Cphase vs. Frequency by displaying the
8 % zero contour.
9 %
10 % Good for getting a quick idea of how the system behaves.
11 %
12 % Set C0m, the phase speeds that you are interested in observing
300
13
14 % C1 = intrinsic velocity of sound in fluid (m/s)
15 % Cc = compressional velocity of sound in solid (m/s)
16 % Cs = shear velocity of sound in solid (m/s)
17 %
18 % b = inner radius of cylinder (m)
19 % d = outer radius of cylinder (m)
20 % pl = density of liquid
21 % pw = density of cylinder wall material
22 %
23 % w = angular frequency (rad/s) - CAN BE AN ARRAY!!
24 % C0m = phase velocity of axisymmetric wave in system (m/s)
25
26 % Input Parameters
27 % C0m = 1000:10:7500;
28 % freq = 1000:100:200000;
29 % intmat = 'water';
30 % extmat = 'aluminum';
31 % tube = 'lafleurpaper';
32 % temp = 20.0;
33 % fignum = 5;
34
35 N = length(freq);
36
37 %Choose test material
38
39 switch lower(intmat)
40 case 'water'
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41 Cl = ctemp(0,temp);
42 pl = 998;
43 case 'beads'
44 Cl = 1800;
45 pl = 1800;
46 otherwise
47 Cl = ctemp(0,temp);
48 pl = 998;
49 end
50
51 %% choose tube material
52
53 switch lower(extmat)
54 case 'steel'
55 v = 0.30; %
56 pw = 7890; %
57 Cs = 3100; % (m/s)
58 Cc = 5790; % (m/s)
59 case 'aluminum'
60 v = 0.33; % Poisson's Ratio
61 pw = 2700; % Waveguide Density (kg/mˆ3)
62 Cc = 5100; % Compressional Sound Speed (m/s)
63 Cs = Cc/sqrt(2*(1-v)/(1-2*v)); % Shear Sound Speed (m/s)
64 otherwise
65 v = 0.30; %
66 pw = 7890; %
67 Cs = 3100; % (m/s)
68 Cc = 5790; % (m/s)
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69 end
70
71 %% choose tube dimensions
72
73 switch lower(tube)
74 case 'schedule'
75 b =3.875/2*.0254 ; % inner radius (m)
76 d = 4.5/2*.0254;% outer radius (m)
77 case 'lafleurpaper'
78 b =0.0254 ; % inner radius (m)
79 d = 0.0254+0.0127;% outer radius (m)
80 end
81
82 %% Calculations
83 wf=2*pi*freq(end); % final frequency
84 w0=2*pi*freq(1); % initial frequency
85
86 dw=2.*pi.*(freq(3)-freq(2));
87
88 for n=1:N
89 % n
90 w=(n-1)*dw + w0;
91
92 comp(n,:) = LandS eqsolvr(C0m,w,Cl,Cc,Cs,b,d,pl,pw);
93
94 end
95
96 comp = comp';
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97
98 figure(fignum)
99 hold on
100 contour(freq./1000,C0m./Cl,comp,[0 0],'ko','linewidth',2)
101 ZZZ(1) = ylabel('c p h/c 0');
102 ZZZ(2) = xlabel('Frequency [kHz]');
103 set(ZZZ,'fontsize',16)
104 set(gca,'fontsize',16,'linewidth',2)
105
106 end
LandS eqsolvr.m
1 function [sum] = LandS eqsolvr(C0m,OMEGA,C1,Cc,Cs,b,d,pl,pw)
2
3 % pass from calling script:
4 % C1 = intrinsic velocity of sound in fluid (m/s)
5 % Cc = compressional velocity of sound in solid (m/s)
6 % Cs = shear velocity of sound in solid (m/s)
7 % C0m = phase velocity of axisymmetric wave in system (m/s)
8 % CAN BE AN ARRAY!
9 %
10 % b = inner radius of cylinder (m)
11 % d = outer radius of cylinder (m)
12 % v = Ratio of Poisson for cylinder wall material
13 % pl = density of liquid
14 % pw = density of liquid inside cylinder
15 %
304
16 % OMEGA = angular frequency (rad/s) - CAN BE AN ARRAY!!
17 %
18 % must have function 'Lmn.m' in path
19
20
21 q0m = OMEGA./C0m;
22 kc=OMEGA./Cc;
23 ks=OMEGA./Cs;
24 k1=OMEGA./C1;
25
26 X0m=sqrt(k1.ˆ2-q0m.ˆ2).*b;
27 Pm = sqrt(kc.ˆ2-q0m.ˆ2);
28 Tm = sqrt(ks.ˆ2-q0m.ˆ2);
29 Em = q0m.ˆ2-ks.ˆ2/2;
30 Qm = (besselj(0,X0m).*b.*pl.*OMEGA.ˆ2)./...
31 (besselj(1,X0m).*X0m.*Cs.ˆ2.*pw.*2);
32
33 one = Lmn(b,d,1,1,Pm).*Lmn(b,d,0,0,Tm).*...
34 (q0m.ˆ2.*Pm.ˆ2.*Tm.ˆ2.*piˆ2.*b.*d./8./Em.ˆ2);
35 two = Lmn(b,d,1,1,Tm).*Lmn(b,d,0,0,Pm).*...
36 (Em.ˆ2.*b.*d.*piˆ2./8./q0m.ˆ2);
37 three = (Lmn(b,d,1,0,Pm).*Lmn(b,d,0,1,Tm)+...
38 Lmn(b,d,0,1,Pm).*Lmn(b,d,1,0,Tm)).* ...
39 (Pm.*Tm.*b.*d.*piˆ2./8);
40 four = (Lmn(b,d,1,1,Pm).*Lmn(b,d,1,0,Tm).*b+...
41 Lmn(b,d,1,1,Pm).*Lmn(b,d,0,1,Tm).*d.*(Qm.*b+1)).* ...
42 (Pm.ˆ2.*Tm.*piˆ2./8./Em-Pm.ˆ2.*q0m.ˆ2.*Tm.*piˆ2./8./Em.ˆ2);
43 five = (Lmn(b,d,1,1,Tm).*Lmn(b,d,1,0,Pm).*b+...
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44 Lmn(b,d,1,1,Tm).*Lmn(b,d,0,1,Pm).*d.*(Qm.*b+1)).* ...
45 (Pm.*Em.*piˆ2./q0m.ˆ2./8 - Pm.*piˆ2./8);
46 six = Lmn(b,d,1,1,Tm).*Lmn(b,d,1,1,Pm).*(Qm.*b+1).*...
47 (Pm.ˆ2.*piˆ2./q0m.ˆ2./8 + q0m.ˆ2.*Pm.ˆ2.*....
48 piˆ2./Em.ˆ2./8 - Pm.ˆ2.*piˆ2./Em./4);
49
50 sum = 1+real(one)+real(two)+real(three)+...
51 real(four)+real(five)+real(six);
H.2 Resonator Tube Analysis
TM Correction.m
1 % Script to test impedance load for two medium resonator
2 clear all
3 close all
4 clc
5
6 % Impedance calculation frequency [Hz]
7 f = 100:.1:5000;
8 % Impedance calculation frequency [rad/s]
9 w = 2*pi*f;
10 % Calculated modal sound speeds [m/s]
11 csed = [1341 1460 1439 1440 1431.3 1426.6 1435.8 1418.4 1417.8];
12 % Measured resonance frequencies [Hz]
13 fsed = [796.5 1293.5 1646.5 2059.5 2456.5 2856.5 3285.5 3651.5 4055.5];
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14
15 for m=1
16 p1 = 2020; % Sediment density [kg/mˆ3]
17 c1 = csed(m); % Indexed modal sound speed [m/s]
18 d1 = 1.829-.209; % Length of sediment column [m]
19 k1 = w./c1; % Wavenumber in sediment [1/m]
20
21 %Plane wave impedance of sediment [MKS Rayls]
22 pc1 = p1*c1;
23
24 p2 = 997.5; % Water density [kg/mˆ3]
25 c2 = ctemp(0,19); % Water free field sound speed [m/s]
26 d2 = .209-.081; % Length of water column [m]
27 k2 = w./c2; % Wavenumber in water [1/m]
28
29 % Plane wave impedance of water [MKS Rayls]
30 pc2 = p2*c2;
31
32 % Driving point impedance of sediment [MKS Rayls]
33 z1(m,:) = j*pc1.*tan(k1.*d1);
34 % Driving point impedance of water [MKS Rayls]
35 z2(m,:) = j*pc2.*tan(k2.*d2);
36
37 % Total driving point impedance seen by piston [MKS Rayls]
38 z0(m,:) = z1(m,:)+z2(m,:);
39
40 % Reference impedance for normalization [MKS Rayls]
41 pc0 = ctemp(0,19)*997.5;
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42
43 aa = [0.0001 10];
44
45 figure(3)
46 hold off
47 plot(f,abs(z0(m,:))./pc0,'-k','linewidth',2)
48 ZZZ(1) = xlabel('Frequency [Hz]');
49 ZZZ(2) = ylabel('abs[z]');
50 hold on
51 for n = 1:1:max(size(fsed))
52 plot([fsed(n) fsed(n)],aa,'--r','linewidth',2)
53 end
54 set(gca,'linewidth',2,'fontsize',16)
55 set(ZZZ,'fontsize',16)
56 axis([0 5000 0 1])
57 end
TM Water Analysis.m
1 %Script to determine modal sound speeds for the two medium resonator
2 clear all
3 close all
4 clc
5
6 AAA = importdata('X20061118 01.asc'); %Import spectrum to analyze
7
8 % Indicies of peaks
9 chooseind = [7 16 20 21 22 24 28 34 35 36 37 38 40];
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10
11 L = 1.822; % Length of tube [m]
12 Lerr = 0.005; % Uncertainty in length of tube [m]
13 c = ctemp(0,19.0); % Water free field sound speed [m/s]
14
15 % Mode numbers for sound speed calculation
16 modenum = (1:1:max(size(chooseind)));
17
18 freq = AAA(:,1); % Frequency Array [Hz]
19
20 AAAcomp = AAA(:,2)+j.*AAA(:,3); % Construct spectrum from Re/Im parts
21 AAAcomp = slideavg(AAAcomp); % 5 point sliding average
22 AAAcomp = slideavg(AAAcomp); % 5 point sliding average
23
24 locut = 100; % Low frequency points to ignore due to noise
25 hicut = 1; % High frequency points to ignore due to noise
26
27 % Find all peak indicies
28 [respeak,resind] = ...
29 findpeaks(abs(AAAcomp(locut:(max(size(AAAcomp))-hicut))));
30
31 % Only keep indicies that are true peaks
32 resind = resind(chooseind);
33 % Only keep peak amplitudes that are true peaks
34 respeak = respeak(chooseind);
35
36 % Assign resonance frequencies to peaks [Hz]
37 resfreq = freq(resind+locut-1);
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38
39 % Perform regression on frequencies to determine peak quality
40 polycoeff = polyfit(modenum,resfreq',1);
41 mt = 0:.01:max(modenum+1);
42 linfit = mt.*polycoeff(1)+polycoeff(2);
43 cslope = polycoeff(1).*L;
44 freqbin = freq(2)-freq(1);
45
46 % Determine modal phase speed [m/s]
47 halfwave = resfreq'./modenum;
48 cpht = halfwave.*2.*L;
49 cphth = (halfwave+freqbin).*2.*(L+Lerr);
50 cphtl = (halfwave-freqbin).*2.*(L-Lerr);
51
52 figure(1)
53 hold off
54 plot(freq./1000,abs(AAAcomp)./max(abs(AAAcomp)),'b','linewidth',2)
55 hold on
56 plot(resfreq./1000,(respeak)./max(abs(AAAcomp)),'ko','linewidth',2)
57 axis([0 5 0 1.05])
58 ZZZ(1) = xlabel('Frequency [kHz]');
59 ZZZ(2) = ylabel('Magnitude [Normalized]');
60 set(ZZZ,'fontsize',16,'fontname','Times New Roman')
61 set(gca,'linewidth',2,'fontsize',16,'fontname','Times New Roman')
62
63 figure(2)
64 hold off
65 plot(modenum,resfreq,'ko')
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66 hold on
67 plot(mt,linfit,'b')
68 xlabel('Mode Number')
69 ylabel('Frequency (Hz)')
70 title(['C p h = ',num2str(cslope),' m/s'])
71
72 % Exclude bad peaks from linearity test
73 cpht = cpht(2:13);
74 cphtl = cphtl(2:13);
75 cphth = cphth(2:13);
76 resfreq = resfreq(2:13);
77
78 figure(4)
79 hold off
80 errorbar(resfreq./1000,cpht./c,(cpht-cphtl)./c,...
81 (cphth-cpht)./c,'ko','linewidth',2)
82 hold on
83 axis([0 5 0.90 1.01])
84 ZZZ(1) = xlabel('Frequency [Hz]');
85 ZZZ(2) = ylabel('c p h/c 0');
86 set(ZZZ,'fontsize',16)
87 set(gca,'linewidth',2,'fontsize',16)
TM Slideavg.m
1 %Function to perform a 5-point sliding average
2 function avgout = slideavg(x)
3
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4 a = max(size(x));
5
6 y(1) = x(1);
7 y(2) = x(2);
8 y(a-1) = x(a-1);
9 y(a) = x(a);
10
11 for n = 3:(a-2)
12 y(n) = (x(n-2)+x(n-1)+x(n)+x(n+1)+x(n+2))/5;
13 end
14
15 avgout(1) = y(1);
16 avgout(2) = y(2);
17 avgout(a-1) = y(a-1);
18 avgout(a) = y(a);
19
20 for m = 3:(a-2)
21 n = a-m+1;
22 avgout(n) = (y(n-2)+y(n-1)+y(n)+y(n+1)+y(n+2))/5;
23 end
H.3 Fluidized Bed Analysis
FB compile ToF Data.m
1 %Function to compile all pulses for a given data set
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2 function compile ToF Data(foldin)
3
4 AAA = cd; %Store run folder
5
6 cd(foldin) %Change to data folder
7
8 BBB = dir([cd,'\*ToF*.txt']); %Find all data files
9
10 for nnn = 1:length(BBB)
11 filename = BBB(nnn).name; %Index data file name
12
13 data = importdata(filename); %Import data
14
15 if nnn == 1
16 dataout = data; %Init average
17 else
18 dataout = dataout + data; %Continue sum for average
19 end
20 end
21
22 dataavg = dataout./nnn; %Perform average
23
24 dt = dataavg(1,1); %Time step [s]
25 sigtrg = dataavg(2:end,1); %Trigger signal average [V]
26 sigwat = dataavg(2:end,2); %Water signal average [V]
27 sigsed = dataavg(2:end,3); %Sediment signal average [V]
28 sigttt = (0:(length(sigtrg)-1)).*dt;%Time array [s]
29
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30 save compdata sigttt sigtrg sigwat sigsed %Save data for access
31
32 cd(AAA) %Change to run folder
FB tfft.m
1 function [fff,SIGout] = tfft(ttt,sig,nfftmult)
2
3 if nargin == 2
4 nfftmult = 1;
5 end
6
7 fs = 1./ttt(2); % Sampling frequency [Hz]
8 L = length(ttt); % Length of signal [points]
9 NFFT = nfftmult.*2ˆnextpow2(L); % Next power of 2 from L
10 SIG = fft(sig,NFFT)/L; % Two-sided FFT of signal
11 fff = fs/2*linspace(0,1,NFFT/2+1)'; % One-sided frequency array
12 SIGout = 2.*SIG(1:NFFT/2+1); % One-sided FFT of signal
FB analyze tof data.m
1 % Function to analyze Fluidized Bed data for
2 % Speed of sound and attenuation
3 clear all
4 close all
5 clc
6
7 %% Set options
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8 compileon = 0; %Compile data? [default compile from raw data:1]
9 windon = 1; %Apply window to pulse? [default yes:1]
10 cref = ctemp(0,20);%Speed of sound in water [m/s]
11 Lcell = 0.101; %Travel distance across sample holder [m]
12 %% Load signals
13 %File path with individual text files for analysis
14 path = 'H:\Fluidized Bed\X20091019 04\';
15
16 AAA = cd; %Save directory
17
18 cd(path); %Change directory to analyze data
19
20 if compileon == 1
21 compile ToF Data(path) %Compile data from raw text files
22 else
23 load compdata %Load data from previous compilation
24 end
25
26 sigwat = detrend(sigwat); %Detrend to remove DC shift
27 sigsed = detrend(sigsed); %Detrend to remove DC shift
28
29 if windon == 1
30 nsigwat = sigwat./max(abs(sigwat)); %Normalize data
31 nsigsed = sigsed./max(abs(sigsed)); %Normalize data
32 thresh = 0.05; %Threshold for pulse detection
33 windlength = 300; %Length of pulse in samples
34
35 %Taper length for Tukey window as percentage of window length
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36 taperlength = 0.05;
37
38 %Find pulse start indicies
39 indw = find(abs(nsigwat) > thresh,1,'first')-20;
40 inds = find(abs(nsigsed) > thresh,1,'first')-20;
41
42 %Find pulse amplitude arrays
43 warr = indw:(indw+windlength-1);
44 sarr = inds:(inds+windlength-1);
45
46 %Init window amplitude
47 wsigwat = zeros(size(sigwat));
48 wsigsed = zeros(size(sigsed));
49
50 %Define window amplitude
51 windwat = tukeywin(windlength,taperlength);
52 windsed = tukeywin(windlength,taperlength);
53
54 %Init window position
55 envwat = zeros(size(sigwat));
56 envsed = zeros(size(sigsed));
57
58 %Define overall envelope function
59 envwat(warr) = windwat;
60 envsed(sarr) = windsed;
61
62 %Apply window
63 wsigwat(warr) = sigwat(warr) .* windwat;
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64 wsigsed(sarr) = sigsed(sarr) .* windsed;
65
66 else
67
68 wsigwat = sigwat; %No window case
69 wsigsed = sigsed; %No window case
70
71 end
72
73
74 nfftmult = 1; %Multiplier for FFT length
75
76 [fff,fsigwat] = tfft(sigttt,wsigwat,nfftmult); %Apply FFT
77 [fff,fsigsed] = tfft(sigttt,wsigsed,nfftmult); %Apply FFT
78
79 magwat = abs(fsigwat); %Magnitude of water spectrum
80 magsed = abs(fsigsed); %Magnitude of sediment spectrum
81 angwat = unwrap(angle(fsigwat)); %Phase of water spectrum
82 angsed = unwrap(angle(fsigsed)); %Phase of sediment spectrum
83
84 magrat = magwat./magsed; %Ratio of FFT magnitudes
85 dphi = angsed - angwat; %Difference in FFT phase
86
87 %Sound speed ratio [c sed/c 0]
88 cratio = 1./(1-(cref.*dphi)./(2.*pi.*fff.*Lcell));
89
90 %Attenuation [dB/m]
91 alpha = 20./Lcell.*log10(abs(magrat));
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93
94 cd(AAA); %Restore run path
95
96 figure(1)
97 hold off
98 plot(sigttt.*1e6,sigtrg,'k')
99 hold on
100 plot(sigttt.*1e6,sigwat,'b')
101 plot(sigttt.*1e6,sigsed,'r')
102 xlabel('Time [\mus]')
103 ylabel('Voltage [V]')
104 title('Time Domain Signals')
105 legend('Trigger','Oil','Water')
106 axis([0 400 -inf inf])
107
108 figure(2)
109 hold off
110 plot(sigttt(1:length(warr)).*1e6,sigwat(warr),'b')
111 hold on
112 plot(sigttt(1:length(sarr)).*1e6,sigsed(sarr),'r')
113 plot(sigttt(1:length(warr)).*1e6,...
114 envwat(warr).*max(abs(sigwat)),'b--')
115 plot(sigttt(1:length(sarr)).*1e6,...
116 envsed(sarr).*max(abs(sigsed)),'r--')
117 xlabel('Time [\mus]')
118 ylabel('Voltage [V]')
119 title('Windowed Pulses')
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120
121 figure(3)
122 subplot(2,1,1)
123 hold off
124 plot(fff./1e3,20.*log10(abs(magwat)),'b')
125 hold on
126 plot(fff./1e3,20.*log10(abs(magsed)),'r')
127 xlabel('Frequency [kHz]')
128 ylabel('Magnitude [dB]')
129 title('Frequency Domain')
130 axis([300 800 -inf inf])
131
132 subplot(2,1,2)
133 hold off
134 plot(fff./1e3,angwat,'b')
135 hold on
136 plot(fff./1e3,angsed,'r')
137 xlabel('Frequency [kHz]')
138 ylabel('Phase [Radians]')
139 legend('Water','Sediment')
140 axis([300 800 -inf inf])
141
142 figure(4)
143 subplot(2,1,1)
144 hold off
145 plot(fff./1e3,cratio,'b')
146 hold on
147 xlabel('Frequency [kHz]')
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148 ylabel('c s e d/c w a t')
149 axis([300 800 1 1.3])
150 title('Sound Speed')
151
152 subplot(2,1,2)
153 hold off
154 plot(fff./1e3,alpha,'b')
155 hold on
156 xlabel('Frequency [kHz]')
157 ylabel('\alpha [dB/m]')
158 axis([300 800 0 300])
159 title('Attenuation')
H.4 Time-of-Flight Apparatus Analysis
ToF sed analyze.m
1 %Script to analyze time waveforms for the sediment tests
2 clear all
3 close all
4 clc
5
6 %test material type: 'cal' for calibration,
7 % 'wat' for water,'sed' for sediment
8 testtype = 'sed';
9 date = 'X20111006'; %File prefix
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10 testnum = '03'; %File number
11
12 saveon = 0; %Switch; 1 to save
13
14 %Load electrical system delay waveforms
15 load('X20110817 01 systemdelay.mat')
16 sigs = sig1;
17
18 %Load calibration data
19 load('X20111004 02 cal data V5.mat')
20
21 %Load water data
22 load('X20111006 01 wat data V5.mat')
23 d1 = d1m;
24 d2 = d2m;
25 dd = abs(d2-d1);
26
27 %Load calibration test waveforms
28 load(['¬\',date,' ',testnum,' ',testtype,'.mat'])
29
30 %Speed of sound in water at the test frequency [m/s]
31 cwat = ctemp(0,temperature);
32
33 dt = ttt(2)-ttt(1); %Sample time [s]
34 Fs = 1/dt; %Sampling frequency [Hz]
35 L = max(size(sig1)); %Length of time array
36 NFFT = 4*2ˆnextpow2(L); %Size of FFT
37
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38 %Center frequencies of pulses to analyze
39 inds = 1:length(freq);
40
41 %Initialize arrays
42 i arrive1 = zeros(size(inds));
43 i arrive2 = zeros(size(inds));
44 t arrive1 = zeros(size(inds));
45 t arrive2 = zeros(size(inds));
46 dt arrive = zeros(size(inds));
47 c arrive = zeros(size(inds));
48 abc = zeros(size(inds));
49 indf1h = zeros(size(inds));
50 indf2h = zeros(size(inds));
51 fftout1 = zeros(NFFT/2+1,length(inds));
52 fftout2 = zeros(NFFT/2+1,length(inds));
53 mvalf1hs = zeros(size(inds));
54 mvalf2hs = zeros(size(inds));
55
56 iter = 0;
57 tic
58
59 %Analysis loop
60 %Analysis loop
61 for nnn = inds
62 iter = iter+1;
63 fff = freq(nnn); %Select test frequency [Hz]
64
65 %Progress indicator
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66 if iter>1
67 abc(iter) = toc;
68 disp([num2str(fff./1e3),' kHz (',num2str(iter),'/',...
69 num2str(length(inds)),'), ',num2str(round(toc)),...
70 ' s elapsed, ',num2str(abc(iter)./(iter-1)),' s/step, '...
71 ,num2str((length(inds)-iter+1)*(abc(iter)./(iter-1))),...
72 ' s remaining'])
73 else
74 disp([num2str(fff./1e3),' kHz (',num2str(iter),'/',...
75 num2str(length(inds)),')'])
76 end
77
78 sig1in = sig1(:,nnn); %Time domain signal from transmitter 1
79 sig2in = sig2(:,nnn); %Time domain signal from transmitter 2
80 sigsin = sigs(:,nnn); %Time domain signal for the system delay
81
82 sig1in = detrend(sig1in); %Detrend signal 1
83 sig2in = detrend(sig2in); %Detrend signal 2
84 sigsin = detrend(sigsin); %Detrend system signal
85
86 %% Find arrival time
87 hss = abs(hilbert(sigsin)); %Envelope of the system delay
88
89 %Convolution of the system delay with each signal
90 xs1 = conv(sig1in,sigsin);
91 xs2 = conv(sig2in,sigsin);
92
93 %Envelopes of convolutions
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94 xs1 = abs(hilbert(xs1));
95 xs2 = abs(hilbert(xs2));
96
97 %Normalize convolutions
98 xs1 = xs1./max(xs1);
99 xs2 = xs2./max(xs2);
100
101 %Find peaks in convolutions
102 xind1 = find(xs1 == max(abs(xs1)));
103 xind2 = find(xs2 == max(abs(xs2)));
104
105 %Find constant delay
106 xinds = find(hss./max(hss) > 0.5); %Find system delay pulse
107 minttt = ttt(xinds(1)); %System delay onset time [s]
108 maxttt = ttt(xinds(end)); %System delay offset time [s]
109 pttt = maxttt-minttt; %System delay duration [s]
110 ittt = xinds(end)-xinds(1); %System delay duration
111
112 %Position of delay pulse center
113 cpulseoffset = round(ittt/2)+xinds(1);
114
115 %Find pulse arrival times
116 i arrive1(iter) = xind1; %Signal 1 arrival index
117 i arrive2(iter) = xind2; %Signal 2 arrival index
118
119 %Calculate arrival times
120 t arrive1(iter) = ...
121 2.*ttt(round(i arrive1(iter)./2-cpulseoffset));
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122 t arrive2(iter) = ...
123 2.*ttt(round(i arrive2(iter)./2-cpulseoffset));
124
125 %Difference in arrival time [s]
126 dt arrive(iter) = (t arrive1(iter)-t arrive2(iter));
127
128 %% Find signal amplitude
129 %Extract useful signal
130 lnum1 = 0.5; %Duration of pulse to analyze
131 pshift = 0.40; %Shift from center of pulse for analysis
132
133 %Inidicies of signals to analyze
134 pindsa = max(1,(i arrive1(iter)+round(-cpulseoffset.*(1+lnum1)+...
135 pshift*ittt/2))):min(length(ttt),...
136 (i arrive1(iter)+round(cpulseoffset.*(lnum1-1)+pshift*ittt/2)));
137 pindsb = max(1,(i arrive2(iter)+round(-cpulseoffset.*...
138 (1+lnum1)+pshift*ittt/2))):min(length(ttt),...
139 (i arrive2(iter)+round(cpulseoffset.*(lnum1-1)+pshift*ittt/2)));
140
141 %Time array of analyzed portion of signals [s]
142 t1a = ttt(pindsa);
143 t1b = ttt(pindsb);
144
145 %Portion of signal to analyze
146 p1a = sig1in(pindsa);
147 p1b = sig2in(pindsb);
148
149 %Window pulses
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150 taperval = 0.1; %Portion of window with cosine taper
151
152 %Apply Tukey window to pulses
153 p1a = p1a.*tukeywin(length(p1a),taperval);
154 p1b = p1b.*tukeywin(length(p1b),taperval);
155
156 %Find frequency content of pulses
157 Y1a = fft(p1a,NFFT)/L;
158 Y1b = fft(p1b,NFFT)/L;
159
160 %Magnitude of pulse FFT
161 fftout1(:,iter) = abs(Y1a(1:NFFT/2+1));
162 fftout2(:,iter) = abs(Y1b(1:NFFT/2+1));
163
164 %Frequency band for mean amplitude [Hz]
165 dF = freq(2)-freq(1);
166 %Frequency array for frequency domain signals [Hz]
167 freqfft = Fs/2*linspace(0,1,NFFT/2+1);
168
169 %Minimum FFT frequency in average band [Hz]
170 indf1h(iter) = find(freqfft ≥ (fff-dF/2),1,'first');
171 indf2h(iter) = find(freqfft ≥ (fff+dF/2),1,'first');
172
173 %Average amplitude over frequency band
174 mvalf1hs(iter) = mean(fftout1(indf1h(iter):indf2h(iter),iter));
175 mvalf2hs(iter) = mean(fftout2(indf1h(iter):indf2h(iter),iter));
176
177 %Magnitude of relative signal strength [dB]
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178 battenh = abs(20.*log10(abs(mvalf1hs./mvalf2hs)));
179 end
180 %% Plot results
181
182 plotfreq = freq(inds); %Pulse center frequencies [Hz]
183
184 a = 0.75*0.0254./2; %Transducer radius [m]
185 [relspread,idealspread] = ToF nearfield(plotfreq,cwat,a,d1,d2); %Calculate Fresnel Zone amplitude ratio
186
187 %Spreading loss difference [dB]
188 relspread = 20.*log10(abs(relspread));
189 %Relative calibration amplitude [dB]
190 a calc cal = abs(20.*log10(abs(mvalf1hs./mvalf2hs)));
191 %Corrected attenuation [dB]
192 a calcfft = battenh-a calc cal+relspread;
193
194
195 figure(11)
196 subplot(2,1,1)
197 hold off
198 plot(plotfreq./1e3,c arrive./cwat,'bo')
199 hold on
200 xlabel('frequency [kHz]')
201 ylabel('c s e d/c 0')
202 axis([0 1000 1 1.4])
203 title([date,'\ ',testnum,'\ ',testtype])
204
205 subplot(2,1,2)
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206 hold off
207 plot(plotfreq./1e3,battenh./dd,'bo')
208 hold on
209 plot(plotfreq./1e3,a calcfft./dd,'ro')
210 xlabel('frequency [kHz]')
211 ylabel('Attenuation [dB/m]')
212 axis([0 1000 0 inf])
213
214 %%
215 if saveon == 1
216 disp('Saving Data...')
217 save([date,' ',testnum,' ',testtype,' data V5.mat'],...
218 'c arrive','temperature','mvalf1hs','mvalf2hs')
219 load handel;
220 player = audioplayer(y, Fs);
221 play(player,[1 (get(player, 'SampleRate')*3)]);
222 end
ToF nearfield.m
1 %Function to find the relative spreading for each signal path
2 function [relspread,idealspreadloss] = ToF nearfield(freq,cin,a,d1,d2)
3
4 disp('Calculating Nearfield Effects')
5
6 ktest = 2.*pi.*freq./cin; %Wavenumber [1/m]
7
8 %On-axis piston amplitude, for each distance
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9 p1test = abs(-2.*j.*sin(ktest./2.*(sqrt(d1.ˆ2+a.ˆ2)-d1)));
10 p2test = abs(-2.*j.*sin(ktest./2.*(sqrt(d2.ˆ2+a.ˆ2)-d2)));
11
12 psph1 = 1./d1; %Spherical spreading, distance 1
13 psph2 = 1./d2; %Spherical spreading, distance 2
14
15 idealspreadloss = psph1./psph2; %Ideal spreading loss
16
17 relspread = (p1test./p2test); %Actual spreading loss
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